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Development of novel synthetic methods for the efficient generation of new carbon-carbon 
bonds is a valuable endeavor in organic synthesis. In this regard, palladium-catalyzed 
decarboxylative cross-coupling has significant potential as a waste-free reaction manifold with 
increased functional group tolerance due to the avoidance of preformed organometallics and basic 
reagents. Since the initial reports by Saegusa and Tsuji on decarboxylative allylation (DcA) of β-
ketoesters in 1980, this concept remained relatively unexplored until the independent reports from 
Tunge and Stoltz in 2004. Since then, couplings of a broad array of nucleophiles, as well as 
asymmetric variants of the DcA reactions, have been heavily developed. However, due to the 
inherently low reactivity of benzyl electrophiles, catalytic decarboxylative benzylation reactions 
are comparatively less developed. 
Presented herein are the developments of new methods for the catalytic decarboxylative 
benzylic cross-coupling reactions with weakly-stabilized nucleophiles. In particular, the benzyl 
alkyne cross-coupling, which was initially limited to extended aryl systems, was further developed 
to allow couplings of primary benzyl electrophiles without extended π-conjugation. Our efforts 
were then directed toward developing a highly stereospecific decarboxylative coupling of 
acetylides and ketone enolates with secondary benzyl electrophiles that possess a 1,1-
diarylmethane structure. The coupling of secondary benzyl electrophiles with acetylides proceeded 
with high stereospecificity to provide enantioenriched 1,1-diarylethynyl methanes, and we are 
unaware of any other method for the direct synthesis of such motifs. However, racemization was 
observed in the decarboxylative coupling of enantioenriched benzylic β-ketoesters. 
 In the search for a new method to couple secondary benzyl electrophiles with ketone enolates, 





arylation reactions of ketone enolates. Two sets of protocols involving simple variation of ligands 
were then developed for the selective decarboxylative dearomatization or arylation of enolates. 
These methods provided alicyclic and mono-α-arylated ketones in a highly regioselective manner 
and the expected benzylation of ketone enolates was never observed. Additionally, initial results 
have also shown that the palladium-catalyzed decarboxylative dearomatization of benzyl 
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Activations and functionalizations of benzylic derivatives by palladium-catalysts have paved 
the way to the development of new reactions in organic synthesis. The versatility, efficiency, and 
relatively mild conditions required in palladium-catalyzed cross-coupling reactions have made 
them very attractive compared to classical benzylic functionalization reactions. While there are 
reports of using various late transition metals in catalytic benzylic cross-coupling reactions, nickel 
and palladium are more widely used.1 Initial reports of palladium-catalyzed benzylic cross-
couplings were mainly limited to the oxidative addition of benzyl halides or pseudohalides to Pd(0) 
to generate electrophilic palladium-benzyl complexes. Much later, it was discovered that benzyl 
acetates and carbonates also undergo oxidative addition with Pd(0), generating the electrophilic 
palladium-benzyl complexes, similar to analogous allyl substrates.2 Examples of nucleophilic 
coupling partners of benzylic cross-coupling reactions include, but are not limited to, active 
methylene compounds,3 heteroatomic nucleophiles (phenols, amines, sulfones),3d, 4 olefins,5 
preformed organometallics,6 aromatics,7 and heteroaromatics.8  
A generalized catalytic cycle for the palladium-catalyzed benzylic cross-coupling is depicted 
in Scheme 1.1. Benzyl halides, acetates, or carbonates undergo oxidative addition to Pd(0), 
generating the Pd-benzyl complex, which can isomerize between the (ɳ1) and π(ɳ3) benzyl 
complexes. The formation of the ɳ3-Pd-benzyl complex results in partial loss of aromaticity 
(Scheme 1.2). Subsequent nucleophilic attack on the palladium-benzyl complex results in the 





















1.2 Reactivity and isolation of ɳ3-palladium-benzyl complexes 
Stereochemical studies on oxidative addition of benzyl halides to zero-valent palladium 
complexes was reported by Stille (Scheme 1.3).9 In the presence of Pd(PPh3)4 and 
[(CO)Pd(PPh3)3], oxidative addition of benzyl halides to Pd(0) is followed by CO insertion (path 
1 and path 2 respectively). The insertion of carbon monoxide is thought to occur more rapidly than 
β-hydride elimination. The enantioenriched (S)-α-phenylethyl bromide 1.1 delivered (R)-1.4 in 
both reaction pathways. From this data, the stereospecificity for the oxidative addition step, 1.1 to 
1.2 was determined to be 95%. The product (R)-1.4 was converted to (R)-1.5 to determine the 
absolute configuration. The observed inversion of configuration in (R)-1.4 results from the 
oxidative addition step, as the carbonyl insertion occurs with retention. Therefore, these 




an SN2 displacement with inversion of configuration at the benzylic carbon. These results were 
further confirmed by the stereochemical studies conducted using optically enriched PhCHDCl.9  
Studies on the mechanism of interconversion between ɳ1 and ɳ3 Pd-benzyl intermediates were 
also undertaken by Stille (Scheme 1.4).10 When enantioenriched deuterated D-(S)-ɳ1 benzyl 
intermediate D-(S)-1.6 is treated with NaBPh4, the resulting D-(S)-ɳ
3-palladium-π-benzyl 
intermediate D-(S)-1.7 retains its optical activity at ambient temperature. Treatment of D-(S)-1.7 
with LiCl regenerates D-(S)-1.6 with 94% net retention at the benzylic carbon. From these results 













Temperature dependent NMR spectroscopic studies of non-deuterated racemic 1.7 in 
coordinating benzonitrile solvent support the presence of an equilibrium in solution between the 
ɳ3-Pd-π-benzyl (1.7) and ɳ1-Pd-benzyl (1.8) complexes (Scheme 1.5).10 Such an isomerization is 
not observed in non-coordinating solvents. These results suggest that the ɳ3-palladium-π-benzyl 
intermediates are more favored in non-coordinating solvents, while ɳ1-palladium-σ-benzyl 
intermediates are favored only in coordinating solvents, where an exogenous ligand is present to 







The first x-ray crystal structure of a palladium-π-benzyl complex, [Pd(acac)ɳ3-
triphenylmethyl] 1.9, was reported in 1978 (Figure 1.1).11 The x-ray crystallographic data of 1.9 
clearly shows that the palladium is bound to the C1 and C3 carbons. The bond lengths of Pd–C1, 








Figure 1.1 The X-ray crystal structure of [Pd(acac)ɳ3-triphenylmethyl] 




Other reported ɳ3-metal-benzyl complexes (Fe, Co, Rh, Ni, and Pt) also show a similar trend 
where the Metal–C1 bond length is much shorter than Metal–C3 bond length.2 This in turn 
suggests that the benzylic carbon C1 might be more electrophilic compared to the ortho-carbon 
C3. Additionally, the reported ɳ3-Pd-heteroaryl methyl complexes show similar characteristics.12 
Since Pd-π-benzyl complexes are electrophilic, they undergo nucleophilic addition reactions. The 
studies on relative rates for the amination of ɳ3-allyl and ɳ3-benzyl complexes show that the rate 
of amination of Pd-ɳ3-benzyl is much higher than that of Pd-ɳ3-allyl complexes (Table 1.1).13 
These observations were also supported by APT charge calculations, which show that the benzyl 







In most of the reactions, which involve ɳ3-palladium-π-benzyl intermediates, the rate limiting 
step is the formation of those intermediates. This high energy barrier is resulted due to the energetic 
cost of dearomatization. With aromatic systems having extended π-conjugation, e.g. naphthalene 
(1.10), the formation of ɳ3-Pd-[(naphthyl)methyl] complex has a lower energy barrier compared 
to the ɳ3-Pd-benzyl complex (1.11) due to the lower resonance energy per ring of naphthalene than 
that of benzene (~25 kcal/mol vs 36 kcal/mol respectively).14 The relative ease of formation of Pd-
π-benzyl/allyl intermediates is shown in Figure 1.2. 
 
Figure 1.2 
As stated earlier, benzylic carbon (C1) of the ɳ3-Pd-π benzyl intermediate is more electrophilic 
than its ortho-carbon (C3), as supported by Hartwig’s APT charges for the benzyl system for C1, 
C2 and C3, which are 0.343, -0.193 and 0.122 respectively. In addition, nucleophilic addition to 
the benzylic position allows the Pd-π-benzyl or (naphthyl)methyl system to regain aromaticity, 
whereas nucleophilic addition to the ortho-carbon provides a dearomatized product (1.12) which 
can only aromatize by isomerization to the arylated product (1.13) (Scheme 1.6). Therefore, in 
most reactions, nucleophiles regioselectively attack the benzylic carbon. However, under the 
appropriate conditions, nucleophilic additions at the ortho-carbon have also been reported.15 (This 











1.3 Palladium-catalyzed nucleophilic substitution reactions of benzylic carboxylates and 
benzylic carbonates 
In addition to benzyl halides, benzyl acetates, carbonates, and phosphates also undergo 
palladium-catalyzed nucleophilic substitution at the benzylic carbon, similar to allyl derivatives 
used in the Tsuji-Trost allylic alkylation.1b In a typical Tsuji-Trost reaction, allyl acetates or 
carbonates undergo oxidative addition to Pd(0) to generate ɳ3-allyl palladium intermediates, which 






Similarly, benzyl acetates or carbonates can undergo oxidative addition to Pd(0), generating 
ɳ3-benzyl palladium intermediates. The nucleophilic substitution of naphthylmethyl acetates under 
palladium-catalyzed conditions was first reported by Fiaud in 1992 (Scheme 1.8).3a However, 




dimethyl malonate (Scheme 1.9); later Kuwano reported the nucleophilic substitution of benzylic 
acetates by stabilized nucleophiles in the presence of dppf-[Pd(allyl)cod]BF4.
16 In addition to 
malonate nucleophiles, palladium-catalyzed benzylic substitution by amines and amine 











In a later report, Fiaud reported that heteroaromatic electrophiles (quinolines, benzofurans, 
benzothiophenes and indoles) with extended π-conjugation and a carboxylate leaving group also 
undergo palladium-catalyzed nucleophilic substitution with malonate nucleophiles (Scheme 
1.10).3c, 18  
Fiaud also showed that the palladium-catalyzed benzylic substitution of enantioenriched 
naphthylethyl carbonates with soft malonate nucleophiles is highly stereospecific, and occurs with 
overall retention of configuration.3b An optimal yield and stereospecificity was obtained with 0.5 




benzylic substitution reactions carbonates proved to be the superior leaving group compared to 
acetate and provided high enantiomeric excess in the final product. Complete retention of 
stereochemistry was also observed in stereospecific allylic substitution reactions with soft 
malonate nucleophiles, in which a double SN2 displacement mechanism was proposed at the 
carbon undergoing substitution.19 The inert nature of benzyl acetates and the overall retention 
observed with optically active naphthylethyl carbonates suggests a similar mechanism for 









In 2003, Kuwano and co-workers extended the electrophile scope of the palladium-catalyzed 
benzylic alkylation reactions to benzyl carbonates.3d In the presence of [Pd(allyl)cod]BF4, dppf 
and a stoichiometric quantity of base (BSA), malonates (Scheme 1.12) and amine nucleophiles 
(Scheme 1.13) undergo alkylation to provide the benzylated products. Electron donating methoxy 
(OMe)-1.14 as well as electron withdrawing trifluoromethyl (CF3)-1.15 substituents on the phenyl 






 Scheme 1.13 
Inspired by Tsuji’s work,20 Kuwano further expanded the benzylic alkylation to reactions 
performed under neutral conditions, without the use of an external base (Scheme 1.14).3e, 4b In this 
method, oxidative addition of benzyl carbonates to Pd(0), forms Pd-π-benzyl and carbonate 
intermediates. Under neutral conditions, decarboxylation of the carbonate intermediate generates 











However, the [Pd(allyl)cod]BF4, dppf catalyst/ligand system was unable to provide the benzylated 
product in the absence of a base (Scheme 1.12). It was assumed that in the absence of an external 
base the dppf-[Pd(allyl)cod]BF4 complex is not reduced to the active Pd(0) catalyst precursor. 
However, when the catalyst/ligand combination was changed to dppf-[Cp(allyl)Pd] system, the 
benzylation was successful. This may arise from the facile formation of Pd(0) species from the 
(cyclopentadienyl)Pd(II) [Cp(allyl)Pd], as [Cp(allyl)Pd] is known to readily form Pd(0) species in 
the presence of tertiary phosphines via reductive elimination.21 A variety of active methines: e.g. 
mono-substituted malonates, β-keto esters, 1,3-diketones and azlactones underwent palladium-
catalyzed benzylic alkylation with (naphthyl)methyl carbonates in the presence of dppf-
[Cp(allyl)Pd] (Scheme 1.15).3e This method could also be extended to benzyl carbonates when the 
reaction was carried out in the presence of 10 mol% of cyclooctadiene (cod) in order to suppress 






Kuwano further extended the scope of the catalytic benzylic alkylation to arenesulfinates (pKa 
~ 7).4b In the presence of [Pd(allyl)Cl]2 and DPEphos or dppf, benzyl carbonates underwent 
nucleophilic substitution by sodium arenesulfinates to generate benzylic sulfones in good yields 
(Scheme 1.16). The reaction tolerates both electron rich and electron deficient benzyl esters as 
well as various substituents on the phenyl ring of the arenesulfinates.  
A plausible mechanism for the benzylation of arenesulfinates is shown below (Scheme 1.17). 
In the presence of catalytic Pd(0), benzyl carbonates undergo oxidative addition to Pd(0), 
generating (ɳ3-benzyl)palladium and carboxylate intermediates. Upon decarboxylation a 
methoxide anion is generated in situ. However, the nucleophilic attack of the softer arenesulfinates 
















In 2008, Kuwano reported the palladium-catalyzed benzylation of phenols (pKa ~ 10) as a 
method for benzyl protection of phenols under neutral, base-free conditions (Scheme 1.18).4a 
Similar to the catalytic benzylic substitutions by arenesulfinates, benzyl methyl carbonates 
underwent benzylic substitution with phenols in the presence of [Cp(allyl)Pd] and DPEphos to 
provide benzyl ethers. However, they did not observe the formation of benzyl methyl ethers via 
the nucleophilic attack of methoxide on to ɳ3-Pd-benyl intermediate. This may arise from higher 
reactivity of the softer phenoxide anion with the soft ɳ3-Pd-benzyl intermediate compared to the 
harder methoxide. Electron rich (p-OMe) as well as electron poor (p-CF3) benzyl methyl 
carbonates provided benzyl ethers in good yields. Remarkably, the electron poor p-trifluoromethyl 
benzyl methyl carbonate also provided the benzyl ether in 96% yield in 3 hours. However, with 
electron deficient phenols a 5 mol% catalyst loading was required to achieve complete conversion 







1.4 Palladium-catalyzed decarboxylative benzylation 
Palladium-catalyzed benzylic substitution reactions are generally limited to “soft” 
nucleophiles with pKa’s <20. Benzylation of less stabilized nucleophiles (pKa >20), is more 
challenging, thus, requires strongly basic conditions or preformed organometallics. More often, 
preformed organometallics of indium,22 gold,23 zinc,24 magnesium,25 tin6a and boron26  are  used 
in benzylic cross-coupling reactions. Despite their enormous utility in cross-coupling reactions, 
preformed organometallic reagents may subject the substrates to highly basic conditions and 
ultimately generate stoichiometric quantities of metal salt waste. Catalytic decarboxylative 
coupling is an alternative method to standard cross-coupling reactions, where the transmetalation 
step is circumvented through decarboxylative metalation. Therefore, preformed organometallics 




highly toxic, as the electrophilic coupling partner. In decarboxylative coupling, carboxylic acid 
derivatives are used as the starting material, and these can be easily synthesized from respective 
benzyl alcohols that are comparatively less toxic.  
The catalytic cycle for a standard cross-coupling reaction is shown in Scheme 1.19. The 
oxidative addition of the benzyl halide to Pd(0) generates the Pd(II) intermediate (1.16), which 
will undergo transmetalation to provide the intermediate (1.17), and this will reductively eliminate 
to provide the benzylated product (1.18).  
 
Scheme 1.19           Scheme 1.20 
In a typical decarboxylative cross-coupling reaction (Scheme 1.20), oxidative addition of the 
carboxylic acid derivative to Pd(0) generates Pd(II)-1.19 and the carboxylate intermediate (1.20). 
Generally oxidative addition is followed by decarboxylation to generate the nucleophile under 
neutral conditions. Depending on the nature of the nucleophile it will attack the ɳ3-benzyl-Pd 
intermediate via an inner sphere or outer sphere mechanism to generate the benzylated product 
(1.21). Moreover, carbon dioxide is the only by-product formed in this cross-coupling reaction. 




standard cross-coupling reactions. However, palladium-catalyzed decarboxylative benzylation 
reactions are still in their infancy compared to the catalytic decarboxylative allylation reactions.  
    
1.4.1 Decarboxylative benzylation of phenols 
Kuwano and Kusano reported the first catalytic decarboxylative benzylation reaction in 2008,4a 
in which aryl benzyl carbonates delivered aryl benzyl ethers in the presence of [Cp(allyl)Pd] and 
DPEphos (Scheme 1.21). Some electron deficient aryl benzyl carbonates required either a high 
catalyst loading or a longer reaction time for the completion of the reaction, while electron rich 










The formation of crossover products from a 1:1 mixture of aryl benzyl carbonates was  




an ɳ1-benzyl-Pd intermediate (Scheme 1.22). However, the possibility of generating cross-over 









1.4.2 Decarboxylative benzylation of diphenylglycinate imines 
Further studies on palladium-catalyzed decarboxylative benzylation were performed by Fields 
and Chruma utilizing benzyl diphenylglycinate imines.27 This work highlighted the use of a less 
stabilized, non-enolate carbon nucleophile in catalytic decarboxylative benzylation for the first 
time.  
In the presence of palladium acetate and racemic BINAP, a variety of benzyl diphenylglycinate 
imines underwent decarboxylative benzylation under microwave conditions, to deliver 
homobenzylic imines (Scheme 1.23). Similar to the respective decarboxylative allylation of α-
imino anions,28 decarboxylative benzylation occured regioselectively at the least hindered carbon 
of the 2-azaallyl anion. While a p-CF3 substituent on the benzyl ester provided relatively high 
yields, p-NO2 and p-CN substituents on the benzyl ester moiety greatly reduced the yields (Scheme 




ɳ3-Pd-benzyl intermediate by the presence of an electron donating p-OMe substituent on the 
phenyl ring, and the stabilization of the 2-azaallyl anion by the presence of the electron 
withdrawing -CN group. The major side products of this decarboxylative cross-coupling reaction 
arose either via the decarboxylative protonation of the azaallyl anion (1.23), or via the competitive 

















1.4.3 Decarboxylative benzylation of ketones  
Extension of the nucleophile scope of the decarboxylative benzylic cross-coupling to ketone 
enolates (pKa ~ 20) and acetylide (pKa ~ 25) nucleophiles was reported by Tunge et al. in 2010.
29 
The work on decarboxylative cross-coupling of benzyl β-keto esters was analogous to the 
decarboxylative coupling of allyl β-keto esters.30 However, this was the first report of 
decarboxylative coupling of an enolate with a benzyl electrophile (Scheme 1.25). 
In this work, benzyl β-ketoesters underwent decarboxylative cross-coupling in the presence of 
a more electron deficient dba-ligated palladium with smaller electron rich ligands, for example 
PBu3. Additionally, CpPd(allyl)-dppf, and Pd(PPh3)4 were also successful catalysts. However, 






Similar to the decarboxylative allylation of enolates, decarboxylative benzylation of enolates 
is also highly regiospecific. Moreover, the new C–C bond formation occurs at the site of 
decarboxylation without enolate isomerization (Scheme 1.26). From a synthetic standpoint this 
result is interesting, because catalytic decarboxylation allows one to generate non-stabilized 
enolates that are difficult to generate via standard acid-base chemistry. The proposed catalytic 
cycles involved in decarboxylative coupling of α-mono and α,α-disubstituted enolates to the 








1.4.4 Decarboxylative benzylation of alkynes 
Palladium-catalyzed decarboxylative benzylation of alkynes will be discussed in detail in 
Chapter 2. 
 
1.4.5 Decarboxylative benzylation of nitriles 
After the seminal report on decarboxylative benzylation of alkynes and ketones, Recio III (a 
former co-worker of the Tunge group) demonstrated the synthesis of benzyl nitriles via the 
decarboxylative benzylation of benzyl cyanoacetates (DMSO pKa ~ 22-33).




benzyl cyanoacetates with 5 mol% Pd(PPh3)4 delivered protonated nitriles, NCCH(Me)Ph. 
Changing to [Cp(allyl)Pd] and dppf, a catalyst/ligand combination, which previously successfully 
reacted with simple benzyl ester derivatives,3e also successfully coupled benzyl cyanoacetates to 
provide benzyl nitriles in good yields (Scheme 1.27). Most of the heteroaromatic methyl esters 
also provided heteroaryl methyl nitriles with 5 mol% Pd(PPh3)4, with the exception of α,α-
disubstituted 2-methyl furanyl cyanoacetates, which provided the arylated product 1.25 (Scheme 
1.28). (The ligand-dependent selectivity of α,α-disubstituted 2-methyl furanyl cyanoacetates to 
deliver benzylated vs arylated nitriles will be discussed in Chapter 4). In the presence of a bidentate 
ligand, the decarboxylative coupling of benzyl cyanoacetates occured via an outer-sphere 






















1.4.6 Decarboxylative benzylation of N-Cbz indoles 
Recently, Rawal and co-workers reported the decarboxylative coupling of N-Cbz indoles to 













The C3-benzylation of indoles via standard methods imposes a significant challenge due to the 




Cbz indoles underwent decarboxylative benzylation in the presence of [Pd(allyl)cod]BF4 and 
DPEphos to generate benzylic indolenines with a quaternary carbon at C3. However, C3-
unsubstituted N-Cbz indoles delivered a mixture of mono- (1.25a and 1.26a) and di-benzylated 
products (1.25b and 1.26b). It is also noteworthy that the addition of triethyl borane to the reaction 
mixture accelerated the benzylation reaction.  
 
In summary, the scope of the nucleophiles that engage in catalytic decarboxylative benzylic 
cross-coupling reactions is limited compared to the breadth of nucleophiles that participate in 
decarboxylative allylations. Therefore, further research is necessary to implement new 
decarboxylative benzylation reactions. Moreover, there are no asymmetric decarboxylative 
benzylations reported although such reactions could be useful for the synthesis of molecules that 
contain enantioenriched 1,1-diarylmethane motifs. In addition to decarboxylative benzylations, 
reports on decarboxylative arylations have also started to appear in literature.31, 33 The next few 
chapters highlight our work towards the development of racemic, as well as asymmetric 













1. (a) Liegault, B.; Renaud, J.-L.; Bruneau, C. Activation and functionalization of benzylic 
derivatives by palladium catalysts. Chem. Soc. Rev. 2008, 37, 290-299. (b) Trost, B. M.; 
Czabaniuk, L. C. Structure and Reactivity of Late Transition Metal η3-Benzyl Complexes. 
Angew. Chem. Int. Ed. 2014, 53, 2826-2851. (c) Swift, E. C.; Jarvo, E. R. Asymmetric 
transition metal-catalyzed cross-coupling reactions for the construction of tertiary 
stereocenters. Tetrahedron 2013, 69, 5799-5817. 
 
2. Kuwano, R. Catalytic Transformations of Benzylic Carboxylates and Carbonates. 
Synthesis 2009, 1049-1061. 
 
3. (a) Legros, J.-Y.; Fiaud, J.-C. Palladium-catalyzed nucleophilic substitution of napht 
hylmethyl and 1-naphthylethyl esters. Tetrahedron Lett. 1992, 33, 2509-2510. (b) Legros, 
J.-Y.; Toffano, M.; Fiaud, J.-C. Palladium-catalyzed substitution of esters of 
naphthylmethanols, 1-naphthylethanols, and analogues by sodium dimethyl malonate. 
Stereoselective synthesis from enantiomerically pure substrates. Tetrahedron 1995, 51, 
3235-3246. (c) Legros, J.-Y.; Primault, G.; Toffano, M.; Rivière, M.-A.; Fiaud, J.-C. 
Reactivity of Quinoline- and Isoquinoline-Based Heteroaromatic Substrates in 
Palladium(0)-Catalyzed Benzylic Nucleophilic Substitution. Org. Lett. 2000, 2, 433-436. 
(d) Kuwano, R.; Kondo, Y.; Matsuyama, Y. Palladium-Catalyzed Nucleophilic Benzylic 
Substitutions of Benzylic Esters. J. Am. Chem. Soc. 2003, 125, 12104-12105. (e) Kuwano, 
R.; Kondo, Y. Palladium-Catalyzed Benzylation of Active Methine Compounds without 
Additional Base:  Remarkable Effect of 1,5-Cyclooctadiene. Org. Lett. 2004, 6, 3545-3547. 
 
4. (a) Kuwano, R.; Kusano, H. Benzyl Protection of Phenols under Neutral Conditions: 
Palladium-Catalyzed Benzylations of Phenols. Org. Lett. 2008, 10, 1979-1982. (b) 
Kuwano, R.; Kondo, Y.; Shirahama, T. Transformation of Carbonates into Sulfones at the 






5. (a) Wu, G. Z.; Lamaty, F.; Negishi, E. Metal-promoted cyclization. 26. Palladium-
catalyzed cyclization of benzyl halides and related electrophiles containing alkenes and 
alkynes as a novel route to carbocycles. J. Org. Chem. 1989, 54, 2507-2508. (b) Hu, Y.; 
Zhou, J.; Lian, H.; Zhu, C.; Pan, Y. Palladium-Catalyzed Cascade Cyclization of Benzyl 
Halides with Diethyl Diallylmalonate. Synthesis 2003, 1177-1180. (c) Heck, R. F.; Nolley, 
J. P. Palladium-catalyzed vinylic hydrogen substitution reactions with aryl, benzyl, and 
styryl halides. J. Org. Chem. 1972, 37, 2320-2322. 
 
6. (a) Milstein, D.; Stille, J. K. Palladium-catalyzed coupling of tetraorganotin compounds 
with aryl and benzyl halides. Synthetic utility and mechanism. J. Am. Chem. Soc. 1979, 
101, 4992-4998. (b) Pottier, L. R.; Peyrat, J.-F.; Alami, M.; Brion, J.-D. Unexpected 
Tandem Sonogashira-Carbopalladation-Sonogashira Coupling Reaction of Benzyl Halides 
with Terminal Alkynes: A Novel Four-Component Domino Sequence to Highly 
Substituted Enynes. Synlett 2004, 1503-1508. (c) Song, Z. Z.; Wong, H. N. C. 
Regiospecific synthesis of furan-3,4-diyl oligomers via palladium-catalyzed self-coupling 
of organoboroxines. J. Org. Chem. 1994, 59, 33-41. (d) Nobre, S. M.; Monteiro, A. L. 
Synthesis of diarylmethane derivatives from Pd-catalyzed cross-coupling reactions of 
benzylic halides with arylboronic acids. Tetrahedron Lett. 2004, 45, 8225-8228. 
 
7. Hwang, S. J.; Kim, H. J.; Chang, S. Highly Efficient and Versatile Synthesis of 
Polyarylfluorenes via Pd-Catalyzed C−H Bond Activation. Org. Lett. 2009, 11, 4588-4591. 
 
8. (a) Hwang, S. J.; Cho, S. H.; Chang, S. Synthesis of Condensed Pyrroloindoles via Pd-
Catalyzed Intramolecular C−H Bond Functionalization of Pyrroles. J. Am. Chem. Soc. 
2008, 130, 16158-16159. (b) Lapointe, D.; Fagnou, K. Palladium-Catalyzed Benzylation 
of Heterocyclic Aromatic Compounds. Org. Lett. 2009, 11, 4160-4163. (c) Mukai, T.; 
Hirano, K.; Satoh, T.; Miura, M. Palladium-Catalyzed Direct Benzylation of Azoles with 





9. Lau, K. S. Y.; Wong, P. K.; Stille, J. K. Oxidative addition of benzyl halides to zero-valent 
palladium complexes. Inversion of configuration at carbon. J. Am. Chem. Soc. 1976, 98, 
5832-5840. 
 
10. Becker, Y.; Stille, J. K. The dynamic .eta.1- and .eta.3-
benzylbis(triethylphosphine)palladium(II) cations. Mechanisms of interconversion. J. Am. 
Chem. Soc. 1978, 100, 845-850. 
 
11. Sonoda, A.; Bailey, P. M.; Maitlis, P. M. Crystal and molecular structures of pentane-2,4-
dionato-(α, 1,2-ɳ-tri-phenylmethyl)-palladium and -platinum. J. Chem. Soc., Dalton Trans. 
1979, 346-350. 
 
12. (a) Onitsuka, K.; Yamamoto, M.; Suzuki, S.; Takahashi, S. Structure and Reactivity of (η3-
Indolylmethyl)palladium Complexes Generated by the Reaction of Organopalladium 
Complexes with o-Alkenylphenyl Isocyanide. Organometallics 2002, 21, 581-583. (b) 
Dewhurst, R. D.; Müller, R.; Kaupp, M.; Radacki, K.; Götz, K. The η3-Furfuryl Ligand: 
Plausible Catalytic Intermediates and Heterocyclic η3-Benzyl Analogues with Superior 
Binding Ability. Organometallics 2010, 29, 4431-4433. 
 
13. Johns, A. M.; Tye, J. W.; Hartwig, J. F. Relative Rates for the Amination of η3-Allyl and 
η3-Benzyl Complexes of Palladium. J. Am. Chem. Soc. 2006, 128, 16010-16011. 
 
14. Smith, M. B.; March, J. March's Advanced Organic Chemistry: Reactions, Mechanisms, 
and Structure. 6 ed.; Wiley: 2007. 
 
15. Bao, M.; Nakamura, H.; Yamamoto, Y. Facile Allylative Dearomatization Catalyzed by 
Palladium. J. Am. Chem. Soc. 2001, 123, 759-760. 
 
16. Yokogi, M.; Kuwano, R. Use of acetate as a leaving group in palladium-catalyzed 





17. Toffano, M.; Legros, J.-Y.; Fiaud, J.-C. DMF as a dimethylamine equivalent in the 
palladium-catalyzed nucleophilic substitution of naphthylmethyl and allyl acetates. 
Tetrahedron Lett. 1997, 38, 77-80. 
 
18. Primault, G.; Legros, J.-Y.; Fiaud, J.-C. Palladium-catalyzed benzylic-like nucleophilic 
substitution of benzofuran-, benzothiophene- and indole-based substrates by dimethyl 
malonate anion. J. Organomet. Chem. 2003, 687, 353-364. 
 
19. Trost, B. M.; Verhoeven, T. R. Allylic substitutions with retention of stereochemistry. J. 
Org. Chem. 1976, 41, 3215-3216. 
 
20. (a) Tsuji, J.; Shimizu, I.; Minami, I.; Ohashi, Y. Facile Palladium catalyzed 
decarboxylative allylation of active methylene compounds under neutral conditions using 
allylic carbonates. Tetrahedron Lett. 1982, 23, 4809-4812. (b) Tsuji, J.; Shimizu, I.; 
Minami, I.; Ohashi, Y.; Sugiura, T.; Takahashi, K. Allylic carbonates. Efficient allylating 
agents of carbonucleophiles in palladium-catalyzed reactions under neutral conditions. J. 
Org. Chem. 1985, 50, 1523-1529. 
 
21. Matsumoto, M.; Yoshioka, H.; Nakatsu, K.; Yoshida, T.; Otsuka, S. Two-coordinate 
palladium(0) complexes, bis(di-tert-butylphenyphosphine)palladium and bis(tri-tert-
butylphosphine)palladium. J. Am. Chem. Soc. 1974, 96, 3322-3324. 
 
22. Pérez, I.; Sestelo, J. P.; Sarandeses, L. A. Atom-Efficient Metal-Catalyzed Cross-Coupling 
Reaction of Indium Organometallics with Organic Electrophiles. J. Am. Chem. Soc. 2001, 
123, 4155-4160. 
 
23. Peña-López, M.; Ayán-Varela, M.; Sarandeses, L. A.; Pérez Sestelo, J. Palladium-
Catalyzed Cross-Coupling Reactions of Organogold(I) Reagents with Organic 





24. Arp, F. O.; Fu, G. C. Catalytic Enantioselective Negishi Reactions of Racemic Secondary 
Benzylic Halides. J. Am. Chem. Soc. 2005, 127, 10482-10483. 
 
25. López-Pérez, A.; Adrio, J.; Carretero, J. C. Palladium-Catalyzed Cross-Coupling Reaction 
of Secondary Benzylic Bromides with Grignard Reagents. Org. Lett. 2009, 11, 5514-5517. 
 
26. (a) Kuwano, R.; Yokogi, M. Suzuki−Miyaura Cross-Coupling of Benzylic Carbonates with 
Arylboronic Acids. Org. Lett. 2005, 7, 945-947. (b) Kuwano, R.; Yokogi, M. Cross-
coupling of benzylic acetates with arylboronic acids: one-pot transformation of benzylic 
alcohols to diarylmethanes. Chem. Commun. 2005, 5899-5901. (c) Molander, G. A.; Elia, 
M. D. Suzuki−Miyaura Cross-Coupling Reactions of Benzyl Halides with Potassium 
Aryltrifluoroborates. J. Org. Chem. 2006, 71, 9198-9202. 
 
27. Fields, W. H.; Chruma, J. J. Palladium-Catalyzed Decarboxylative Benzylation of 
Diphenylglycinate Imines. Org. Lett. 2010, 12, 316-319. 
 
28. (a) Burger, E. C.; Tunge, J. A. Synthesis of Homoallylic Amines via the Palladium-
Catalyzed Decarboxylative Coupling of Amino Acid Derivatives. J. Am. Chem. Soc. 2006, 
128, 10002-10003. (b) Yeagley, A. A.; Chruma, J. J. C−C Bond-Forming Reactions via 
Pd-Mediated Decarboxylative α-Imino Anion Generation. Org. Lett. 2007, 9, 2879-2882. 
 
29. Torregrosa, R. R. P.; Ariyarathna, Y.; Chattopadhyay, K.; Tunge, J. A. Decarboxylative 
Benzylations of Alkynes and Ketones. J. Am. Chem. Soc. 2010, 132, 9280-9282. 
 
30. (a) Tsuda, T.; Chujo, Y.; Nishi, S.; Tawara, K.; Saegusa, T. Facile generation of a reactive 
palladium(II) enolate intermediate by the decarboxylation of palladium(II) .beta.-
ketocarboxylate and its utilization in allylic acylation. J. Am. Chem. Soc. 1980, 102, 6381-
6384. (b) Shimizu, I.; Yamada, T.; Tsuji, J. Palladium-catalyzed rearrangement of allylic 
esters of acetoacetic acid to give γ,δ-unsaturated methyl ketones. Tetrahedron Lett. 1980, 
21, 3199-3202. (c) Tunge, J. A.; Burger, E. C. Transition Metal Catalyzed Decarboxylative 




D. C.; Virgil, S. C.; Stoltz, B. M. Unusual Allylpalladium Carboxylate Complexes: 
Identification of the Resting State of Catalytic Enantioselective Decarboxylative Allylic 
Alkylation Reactions of Ketones. Angew. Chem. Int. Ed. 2009, 48, 6840-6843. (e) Trost, 
B. M.; Xu, J.; Schmidt, T. Palladium-Catalyzed Decarboxylative Asymmetric Allylic 
Alkylation of Enol Carbonates. J. Am. Chem. Soc. 2009, 131, 18343-18357. (f) Mohr, J. 
T.; Behenna, D. C.; Harned, A. M.; Stoltz, B. M. Deracemization of Quaternary 
Stereocenters by Pd-Catalyzed Enantioconvergent Decarboxylative Allylation of Racemic 
β-Ketoesters. Angew. Chem. Int. Ed. 2005, 44, 6924-6927. (g) Burger, E. C.; Tunge, J. A. 
Asymmetric Allylic Alkylation of Ketone Enolates:  An Asymmetric Claisen Surrogate. 
Org. Lett. 2004, 6, 4113-4115. 
 
31. Recio, III. A.; Heinzman, J. D.; Tunge, J. A. Decarboxylative benzylation and arylation of 
nitriles. Chem. Commun. 2012, 48, 142-144. 
 
32. Montgomery, T. D.; Zhu, Y.; Kagawa, N.; Rawal, V. H. Palladium-Catalyzed 
Decarboxylative Allylation and Benzylation of N-Alloc and N-Cbz Indoles. Org. Lett. 
2013, 15, 1140-1143. 
 
33. Unoh, Y.; Hirano, K.; Satoh, T.; Miura, M. Palladium-Catalyzed Decarboxylative 
































This work was developed by Robert R. P. Torregrosa, a former coworker in the Tunge group, in 
conjunction with contributions from this author. With the concern for a clear and comprehensive 
discussion of the subject, all the results will be presented herein; results from this author will be 





Alkynes are of enormous synthetic value due to their versatility in numerous transformations.1 
Therefore, developing methods to incorporate an alkyne moiety into organic molecules has been 
a long-standing goal in organic synthesis.2 While Sonogashira coupling is the most widely used 
method to couple an sp2 carbon (e.g. aryl and alkenyl halides or triflates) with alkynes, the coupling 
of sp3 carbon centers (e.g. alkyl and benzyl halides) with alkynes under standard Sonogashira 
conditions has proven difficult.3 For example, alkynylation of benzyl halides under 
palladium/copper-catalyzed conditions can result in further coupling of benzyl alkynes (Scheme 
2.1).3b A tandem Sonogashira-carbopalladation-Sonogashira sequence has been proposed for the 
formation of conjugated enyne (E)-2.1, and the expected benzyl alkyne 2.2 is generated in a very 
low yield. 
Scheme 2.1 
The proposed catalytic cycle for the formation of (E)-2.1 is as follows. The oxidative addition 
of benzyl halide to Pd(0) generates the palladium(II)-benzyl intermediate 2A. The oxidative 
addition step is immediately followed by transmetalation with the in-situ generated copper-
acetylide to generate complex 2B. Reductive elimination of 2B yields the benzyl alkyne 2.2. At 
this stage the coordination of a second Pd(II)-benzyl complex to 2.2 (2C) is thought to facilitate 




with a second copper-acetylide and subsequent reductive elimination of 2E leads to enyne (E)-2.1 
and regenerates the Pd(0) species. 
 
Scheme 2.2 
Similarly, efforts to couple benzyl halides with alkynyltributyltin via the Stille coupling have 
also failed due to the formation of enyne (E)-2.1 via a Stille-carbopalladation-Stille sequence 
(Scheme 2.3).4 
The first successful coupling of benzyl halides with alkynyl organometallics was reported by 




For this transformation it was necessary to pre-synthesize the trialkynylindium reagent by treating 
InCl3 with alkynyl Grignard or lithium reagents, which was stored in THF to prevent 
decomposition. Due to the three alkynyl groups attached to the metal, cross-coupling could be 
carried out using substoichiometric quantities of trialkynylindium (34 mol%) to provide benzyl 









In a later study, Sarandeses and coworkers reported a nickel-catalyzed enantioselective 
coupling of secondary benzyl halides with trialkynylindiums to provide benzyl alkynes in 
moderate yield and good ee (Scheme 2.5).6 Thus far, this is the only method reported for the 
asymmetric coupling of secondary benzyl halides with alkynyl organometallics. 
In 2005, Negishi reported the use of alkynylzinc reagents for the palladium-catalyzed coupling 
of benzyl halides with alkynes (Scheme 2.6).7 In the presence of Pd(DPEphos)Cl2 and alkynylzinc, 
benzyl alkynes were synthesized in good to excellent yields at room temperature. Additionally, 




bromides bearing aryl, alkyl, alkenyl, alkynyl, H and trimethylsilyl could be coupled. However, 










A generalized catalytic cycle for the palladium-catalyzed coupling of benzyl halides to 
preformed alkynyl organometallics is illustrated in Scheme 2.7. The initial oxidative addition of 
benzyl halide to Pd(0) generates benzyl-Pd(II) adduct 2F, in which transmetalation with preformed 












Alkynylation of benzyl halides required the use of alkynyl organometallics until Buchwald’s 
development of a Heck alkynylation protocol that uses base to generate metal acetylides in situ 
(Scheme 2.8).8 The authors used PdCl2(CH3CN)2 and a monodentate phosphine ligand (L1 or L2), 
and hypothesized that electron-rich bulky phosphine ligands disfavor the coordination of benzyl 
alkynes to Pd(II) to preventing the enyne formation like was previously observed (e.g. Scheme 
2.3). While lower temperatures yielded benzyl alkynes in moderate to good yields, longer reaction 
times and higher temperatures favored the isomerization of benzyl alkynes to allenes. Additionally, 




some substrates a shorter reaction time and the change of solvent were necessary to prevent the 







Following their work on allyl-acetylide coupling (Scheme 2.10),9 Tunge and coworkers 




conditions benzyl esters of propiolic acids underwent decarboxylative benzylation to yield benzyl 
alkynes in good to high yields (Scheme 2.11).10 Importantly, the decarboxylative coupling does 
not require strongly basic reagents or preformed organometallics. In addition, benzyl propiolates 
could be easily synthesized from the respective benzyl alcohols, therefore, the use of toxic benzyl 
halides could be avoided.11 While this method exhibited a broad substrate scope, an extended π-
system was required for coupling to occur. For example, benzyl ester 2.3 did not react under 

















2.2 Decarboxylative coupling of benzyl propiolic esters without extended π-systems 
To implement a more generalized catalytic decarboxylative method for the synthesis of benzyl 
alkynes, former graduate student Robert Torregrosa screened benzyl propiolate 2.3 with different 

















While monodentate and bidentate phosphine ligands carrying PPhn (n=2 or 3) failed to provide 
any coupling product (entry 1-4), changing to alkyl and more electron rich phosphine ligands led 
to the formation of 2.4. A 94% conversion to 2.4 was observed when Pd2(dba)3 and Xphos were 
used (entry 11). Therefore, conditions used in entry 11 were chosen as the optimized reaction 
conditions. 
Next a variety of simple benzyl propiolates were synthesized and subjected to the 
optimized reaction conditions (Scheme 2.13). Whenever an electron donating substituent was 
present on the aryl moiety, benzyl alkynes were obtained in good to high yields, due to the 
stabilization of the Pd-π-benzyl intermediate. As expected electron withdrawing substituents 
lowered the yield of the reaction. While para-fluoro (2.9, 2.10) substituted propiolates underwent 
cross-coupling providing moderate yields of the benzyl alkynes, having a bromo substituent (2.22) 






Next we looked at the scope of the nucleophilic coupling partner (Scheme 2.14). Changing 
the phenyl acetylide to alkyl and trimethylsilyl acetylides was also tolerated. While bulky groups 
on acetylide, e.g. TMS, provided high yields of the coupling product, having a methyl acetylide 
(2.18) lowered the yield. However, the formation of dimeric products (2.24) was not observed with 

















We also examined the reactivity of phenyl propiolates containing a heteroaryl moiety (Scheme 
2.15). Phenyl propiolates having a furan (2.25), thiophene (2.26), pyrrole (2.27) and a 4-oxazole 




5-oxazole methyl alkyne (2.29) was obtained in a moderate yield. The difference in reactivity of 












The proposed catalytic cycle for the palladium-catalyzed decarboxylative benzylation of 
alkynes is outlined in Scheme 2.16. The oxidative addition of benzyl propiolate 2.30 to Pd(0) 
generates the Pd-π-benzyl carboxylate intermediate 2J. The coordination of alkyne to the Pd(II)-
benzyl complex in 2J is thought to facilitate the decarboxylation. Upon decarboxylation the 
formation of Pd-bound acetylide intermediate 2K is hypothesized.9 Finally, the reductive 













In summary, we have been able to expand the previously reported decarboxylative benzylic 
coupling of alkynes to benzyl systems that do not have extended π-conjugation. With the increased 
substrate scope, palladium-catalyzed decarboxylative coupling can be used as a general method 
for the coupling of primary benzyl electrophiles to alkynes. Moreover, compared to traditional 
cross-coupling reactions palladium-catalyzed decarboxylative couplings offer a greener synthesis 
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All glassware were oven or flame dried prior to use. All reactions were run under an argon 
atmosphere using standard Schlenk techniques or an inert atmosphere glove box. All palladium 
catalysts and ligands were purchased from Strem and stored in the glove box under an argon 
atmosphere. Toluene and THF were dried over sodium and distilled in the presence of 
benzophenone. Dried toluene was taken to the glove box in a Schlenk flask with activated 
molecular sieves. CH2Cl2 was dried over alumina. Other commercially available solvents were 
used without additional purification. Compound purification was effected by flash 
chromatography using 230x400 mesh, 60Å porosity silica obtained from Sorbent Technologies.  
1H NMR and 13C NMR spectra were obtained on a Bruker Avance 400 or a Bruker Avance 500 
DRX spectrometer equipped with a QNP cryoprobe and referenced to residual protio solvent 
signals. Structural assignments were based on 1H, 13C, DEPT-135, COSY, NOESY and HSQC. 
Mass spectrometry was run using EI or ESI techniques.  
 
Synthesis of primary benzyl alcohols: 
 
Primary benzyl alcohols were synthesized either via the reduction of benzaldehydes using sodium 
borohydrides or reduction of benzoic acids using LiAlH4. 
 
Representative procedure for the synthesis of benzyl propiolates: 
 









In a glove box, under an argon atmosphere, a flame dried Schlenk tube with a stir bar was charged 
with propiolic ester (60 mg, 0.25 mmol), Pd2(dba)3 (11.3 mg, 0.012 mmol), XPhos (23.5 mg, 0.05 
mmol) and toluene (6 mL). The Schlenk tube was equipped with a septum and the sealed tube was 
removed from the glove box and stirred at 110 °C for 15 hours. The resulting reaction mixture was 
cooled to room temperature and concentrated in vacuo and was purified via flash chromatography 
over silica gel.  





benzyl 3-phenylpropiolate (SM-1-109) 
Yellow oil isolated from flash chromatography using: 97:3 hexanes:EtOAc as eluent. 
1H NMR (400 MHz, CDCl3) δ 7.70 – 7.55 (m, 2H), 7.41 (tdd, J = 15.2, 10.9, 7.8 Hz, 8H), 5.27 (d, 
J = 8.3 Hz, 2H). 
13C NMR (126 MHz, CDCl3) δ 154.10, 135.07, 133.21, 130.88, 128.86, 128.82, 128.75, 119.70, 
86.91, 80.65, 67.91. 







benzo[1,3]dioxol-5-ylmethyl 3-phenylpropiolate (SM-1-21) 
White solid isolated from flash chromatography using: 95:5 hexanes:EtOAc as eluent. 
1H NMR (400 MHz, CDCl3) δ 7.58 (dd, J = 9.7, 4.7 Hz, 2H), 7.53 – 7.33 (m, 3H), 6.87 (dd, J = 
39.2, 7.7 Hz, 3H), 6.14 – 5.83 (m, 2H), 5.17 (dd, J = 7.1, 3.4 Hz, 2H). 
13C NMR (126 MHz, CDCl3) δ 154.08, 148.15, 148.06, 133.20, 130.88, 128.75, 123.06, 119.70, 
109.59, 108.51, 101.44, 86.87, 80.65, 67.92. 




2-methoxybenzyl 3-phenylpropiolate (SM-1-25) 
White solid isolated from flash chromatography using: 95:5 hexanes:EtOAc as eluent. 
1H NMR (400 MHz, CDCl3) δ 7.67 – 7.52 (m, 2H), 7.37 (dq, J = 16.1, 7.9 Hz, 5H), 6.90 (s, 2H), 
5.32 (d, J = 4.2 Hz, 2H), 3.86 (td, J = 5.4, 4.8, 3.2 Hz, 3H). 
13C NMR (126 MHz, CDCl3) δ 157.89, 154.28, 133.18, 130.77, 130.49, 130.27, 128.72, 123.34, 
120.64, 119.86, 110.69, 86.56, 80.87, 63.45, 55.64. 










Yellow solid isolated from flash chromatography using: 97:3 hexanes:EtOAc as eluent. 
1H NMR (400 MHz, CDCl3) δ 7.56 (t, J = 5.8 Hz, 2H), 7.40 (ddt, J = 19.9, 16.1, 7.0 Hz, 5H), 7.06 
(tdq, J = 8.7, 5.8, 2.8 Hz, 2H), 5.30 – 5.13 (m, 2H). 
13C NMR (126 MHz, CDCl3) δ 163.06 (d, J = 247.1 Hz), 154.01, 133.22, 130.94 (d, J = 2.7 Hz), 
130.86, 128.77, 119.62, 115.82 (d, J = 21.7 Hz), 87.08, 80.54, 67.15. 







3-methoxybenzyl 3-phenylpropiolate (SM-1-22) 
Yellow oil isolated from flash chromatography using: 95:5 hexanes:EtOAc as eluent. 
1H NMR (400 MHz, CDCl3) δ 7.58 (d, J = 7.1 Hz, 2H), 7.44 (d, J = 6.6 Hz, 1H), 7.37 (t, J = 7.0 
Hz, 2H), 7.30 (d, J = 6.9 Hz, 1H), 7.04 – 6.93 (m, 2H), 6.93 – 6.85 (m, 1H), 5.23 (d, J = 5.7 Hz, 
2H), 3.82 (q, J = 2.8 Hz, 3H). 
13C NMR (126 MHz, CDCl3) δ 159.96, 154.07, 136.54, 133.22, 130.90, 129.93, 128.76, 120.96, 
119.69, 114.41, 114.11, 86.98, 80.63, 67.76, 55.48. 







3-nitrobenzyl 3-phenylpropiolate (SM-1-23) 




1H NMR (400 MHz, CDCl3) δ 8.39 – 8.27 (m, 1H), 8.22 (d, J = 7.1 Hz, 1H), 7.75 (d, J = 6.8 Hz, 
1H), 7.58 (dt, J = 7.5, 4.5 Hz, 3H), 7.52 – 7.31 (m, 3H), 5.44 – 5.23 (m, 2H). 
13C NMR (126 MHz, CDCl3) δ 153.71, 148.59, 137.20, 134.41, 133.30, 131.15, 129.93, 128.83, 
123.72, 123.42, 119.39, 87.87, 80.18, 66.26. 






2-methoxy-4-nitrobenzyl 3-(trimethylsilyl)propiolate (SM-1-51) 
Yellow oil isolated from flash chromatography using: 95:5 hexanes:EtOAc as eluent. 
1H NMR (400 MHz, CDCl3) δ 7.86 (dd, J = 8.3, 2.1 Hz, 1H), 7.73 (d, J = 2.1 Hz, 1H), 7.51 (d, J 
= 8.3 Hz, 1H), 5.30 (s, 2H), 3.95 (s, 3H), 0.26 (s, 9H). 
13C NMR (126 MHz, CDCl3) δ 157.53, 152.75, 149.04, 130.81, 129.18, 115.92, 105.45, 95.55, 
94.14, 62.14, 56.25, -0.71. 







3-nitro-4-(pyrrolidin-1-yl)benzyl 3-(trimethylsilyl)propiolate (SM-1-48) 
Yellow oil isolated from flash chromatography using: 95:5 hexanes:EtOAc as eluent. 
1H NMR (400 MHz, CDCl3) δ 7.79 (d, J = 2.2 Hz, 1H), 7.39 (dd, J = 8.8, 2.2 Hz, 1H), 6.89 (d, J 




13C NMR (126 MHz, CDCl3) δ 152.65, 143.04, 136.51, 133.98, 127.90, 121.51, 116.33, 94.30, 
75.38, 74.57, 67.10, 50.65, 25.86. 






oxazol-5-ylmethyl 3-phenylpropiolate (SM-1-141) 
Yellow oil isolated from flash chromatography using: 95:5 hexanes:EtOAc as eluent. 
1H NMR (400 MHz, CDCl3) δ 8.23 (s, 1H), 7.94 – 7.83 (m, 2H), 7.81 – 7.71 (m, 1H), 7.72 – 7.62 
(m, 2H), 7.52 (s, 1H), 5.58 (s, 2H). 
HRMS calcd for C13H8NO3 [M-H] 226.0504, found 226.0511. 
 




Yellow oil isolated from flash chromatography using: 97:3 hexanes:EtOAc as eluent. 
1H NMR (400 MHz, CDCl3) δ 7.46 – 7.40 (m, 2H), 7.35 (d, J = 1.9 Hz, 1H), 7.31 – 7.27 (m, 3H), 
6.33 (dd, J = 3.2, 1.9 Hz, 1H), 6.26 (dq, J = 3.2, 1.1 Hz, 1H), 3.81 (d, J = 1.1 Hz, 2H). 
13C NMR (126 MHz, CDCl3) δ 150.50, 141.94, 131.88, 128.41, 128.19, 123.48, 110.64, 106.42, 
84.68, 82.02, 19.62. 









Yellow oil isolated from flash chromatography using: 97:3 hexanes:EtOAc as eluent. 
 1H NMR (400 MHz, CDCl3) δ 7.53 – 7.41 (m, 2H), 7.38 – 7.27 (m, 3H), 7.21 (dd, J = 5.0, 1.2 
Hz, 1H), 7.08 – 7.01 (m, 1H), 6.98 (dd, J = 5.1, 3.4 Hz, 1H), 4.01 (d, J = 1.1 Hz, 2H). 
13C NMR (126 MHz, CDCl3) δ 139.77, 131.83, 128.42, 128.17, 127.04, 125.25, 124.29, 123.51, 




tert-butyl 2-(3-phenylprop-2-yn-1-yl)-1H-pyrrole-1-carboxylate (2.27) 
Yellow oil isolated from flash chromatography using: 97:3 hexanes:EtOAc as eluent. 
1H NMR (400 MHz, CDCl3) δ 7.46 – 7.38 (m, 2H), 7.31 – 7.25 (m, 3H), 7.26 – 7.20 (m, 1H), 6.32 
(dq, J = 3.0, 1.4 Hz, 1H), 6.12 (t, J = 3.3 Hz, 1H), 4.00 (d, J = 1.2 Hz, 2H), 1.59 (s, 9H). 
13C NMR (126 MHz, CDCl3) δ 149.54, 131.79, 130.24, 128.40, 127.98, 123.86, 121.75, 112.74, 
110.27, 86.88, 84.09, 81.88, 28.18, 20.80. 




Yellow oil isolated from flash chromatography using: 97:3 hexanes:EtOAc as eluent. 
1H NMR (400 MHz, CDCl3) δ 7.81 (d, J = 1.1 Hz, 1H), 7.61 (q, J = 1.3 Hz, 1H), 7.39 (ddd, J = 
5.3, 2.7, 1.6 Hz, 2H), 7.30 – 7.17 (m, 3H), 3.69 (d, J = 1.5 Hz, 2H). 










Yellow oil isolated from flash chromatography using: 97:3 hexanes:EtOAc as eluent. 
1H NMR (400 MHz, CDCl3) δ 7.78 (d, J = 3.2 Hz, 1H), 7.39 (dt, J = 6.9, 3.2 Hz, 2H), 7.27 (td, J 
= 4.5, 4.0, 2.0 Hz, 2H), 7.21 (d, J = 3.2 Hz, 1H), 7.06 – 6.90 (m, 1H), 3.95 – 3.63 (m, 2H). 
13C NMR (126 MHz, CDCl3) δ 150.81, 147.96, 131.88, 128.50, 123.44, 122.98, 82.85, 82.59, 
17.37. 
HRMS Calcd for C12H8NO (M+H) 184.0762, found 184.0756. 
 
For the characterization data of substrates that are not included here, see ref.2 
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Palladium-catalyzed Stereospecific Decarboxylative Benzylation  
















The development of catalytic cross-coupling reactions to synthesize enantioenriched small 
molecules is an important and active area of research. In this regard, substantial progress has been 
made in coupling electrophilic partners with C(sp2)–X bonds (e.g., aryl and vinyl halides and 
sulfonates).1 In contrast, the asymmetric coupling of secondary alkyl and benzyl electrophiles 
bearing C(sp3)–X bonds has met with more limited success.2 A major issue with the latter is the 
increased steric demand of secondary alkyl and benzyl electrophiles, which slows down the 
oxidative addition step and increases the propensity for β-hydride elimination. Therefore, 
development of new asymmetric methods to overcome such limitations is a current need in 
synthetic chemistry. 
 The majority of the reported catalytic asymmetric coupling reactions are stereoconvergent 
reactions, which utilize chiral ligands to generate enantioenriched products from reactants that are 
racemic. Asymmetric cross-coupling reactions could also be carried out in a substrate controlled 
manner, which is known as a stereospecific synthesis. In a stereospecific coupling reaction, chiral 
information is transferred from a chiral nonracemic reactant to the product in the presence of an 
achiral catalyst (Figure 3.1). The stereospecificity of the reaction is denoted as a %cee value 
(conservation of enantiomeric excess), which is calculated by dividing the enantiomeric excess 







While catalyst controlled (stereoconvergent) reactions are often considered advantageous over 
substrate controlled (stereospecific) reactions in asymmetric synthesis, developing new synthetic 
methods for stereospecific coupling of benzyl electrophiles is highly desirable for several reasons: 
(I) benzyl halides are known to undergo SN1 reactions with loss of stereochemistry,
3 (II) the 
preparation of enantioenriched starting material (benzyl alcohols) is often straightforward, (III) 
when the substituents about the chiral center are similar (e.g., 1,1-diarylalkyl derivatives), the 
facial selectivity of the chiral ligand is likely to be very poor in stereoconvergent reactions.  
 
3.2 Palladium-catalyzed stereospecific cross-couplings of benzyl electrophiles 
The first palladium-catalyzed stereospecific reaction of benzyl electrophiles was reported by 
Stille in the 1970s.4 This work demonstrated that the oxidative addition of benzyl halides to Pd(0) 
occurs with inversion of stereochemistry (Chapter1.2, Scheme 1.3). Almost two decades later, 
Fiaud showed that the palladium-catalyzed benzylic substitution of enantioenriched benzyl 
carbonates with soft malonate nucleophiles occurs with overall retention of configuration and high 
stereochemical fidelity (Chapter 1.3, Scheme 1.11). 
Apart from these initial reports, there are two other examples of Pd-catalyzed stereospecific 
cross-coupling reactions of benzylic electrophiles. In 2009, Adrio and Carretero reported a Pd-
catalyzed Kumada-Corriu cross-coupling reaction using secondary benzylic bromides and aryl or 
vinyl Grignard reagents (Scheme 3.1).5  
In their experiments, Pd(CH3CN)2Cl2 and Xantphos in THF provided optimal results for the 
stereospecific coupling of (S)-1-bromoethylbenzene with p-methoxy and p-fluorophenyl 
magnesium bromide (Scheme 3.1). The coupling product was obtained in ≥ 98% cee with inversion 
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of configuration. Moreover, ligands with a larger bite angle, for example dppf (96°) and Xantphos 
(111°), prevented the formation of styrene via competitive β-hydride elimination.  
 
Scheme 3.1 
Another report details the stereospecific Suzuki cross-coupling of alkyl α-cyanohydrin 
triflates, as reported by Falck and co-workers in 2010 (Scheme 3.2).6 Bis(di-tert-butyl(4-
dimethylaminophenyl)phosphine)dichloropalladium(II) catalyst 3.1, KF, and H2O in toluene were 
employed to achieve the cross-coupling. In addition to enantiopure alkyl α-cyanohydrin triflates, 
benzylic mesylates also underwent highly stereospecific Suzuki coupling with aryl boronic acids, 













While there are no reports on catalytic stereospecific decarboxylative benzylation reactions 
reported in the literature, there are reported stereospecific decarboxylative coupling reactions that 
are limited to allylations, which proceed via chiral palladium-π-allyl intermediates. 
 
3.3 Catalytic stereospecific decarboxylative allylations  
Although there are a considerable number of reports on catalytic stereospecific allylic 
substitution reactions,7 there are only a few reports on stereospecific decarboxylative allylation 
reactions.  
In 2005, Burger and Tunge disclosed a ruthenium-catalyzed stereospecific decarboxylative 
allylation of non-stabilized ketone enolates which proceeded via a decarboxylative Claisen 
(Carroll) rearrangement (Table 3.1).8 Under optimized conditions for decarboxylative allylation, 
enantioenriched branched β-ketoesters provided enantioenriched homoallylic ketones with overall 














For substrates with a slower rate of conversion (for example Table 3.1, entry 3, 4 and 5), the 
stereospecificity of the reaction was dependent on the conversion to the product. Further 
investigation into this imperfect stereofidelity observed at longer reaction times revealed that, over 
the course of the reaction, the enantioenriched branched β-ketoester (3.2) was being converted to 
the racemic isomeric linear β-ketoester (3.3). Decarboxylative allylation of 3.3 then lead to racemic 
3.4, lowering the cee (Scheme 3.3). This observation ruled out the contribution from a possible π–











A similar Pd-catalyzed decarboxylative rearrangement of β-ketoesters was also reported by 
Yan and Spilling in 2008 (Table 3.2).9 In the presence of Pd2(dba)3 and dppe in refluxing THF, 
enantioenriched phosphono allylic acetoacetates (3.6) underwent highly stereospecific 
decarboxylative rearrangement to provide non racemic vinyl phosphonates (3.7) with overall 
retention. However, the formation of diene 3.8 via β-hydride elimination was unavoidable for 

















In addition to the stereospecific decarboxylative allylation of ketone enolates, Tunge and co-
workers further disclosed a highly stereospecific decarboxylative allylation of α-sulfonyl anions, 
to generate homoallylic sulfones with overall retention (Scheme 3.4). Remarkably, allylation of 
sulfones occurred in high stereofidelity even at high temperatures (100 °C). Therefore, DFT 
calculations were performed to calculate the energies associated with the possible modes of 
racemization of the α-sulfonyl anion. These calculations showed that the barrier for inversion of 
the α-sulfonyl anion is <2 kcal/mol (Figure 3.2). While DFT data ruled out the slow inversion of 
the anion as a possible mode for racemization, it was suggested that the high stereospecificity 
results from a more stable conformer of the anion (3.9) which has the lone pair oriented 
















In 2007, Singh and Han reported an Ir-catalyzed stereospecific decarboxylative allylic 
amidation (Scheme 3.5) to overcome the limitations of their enantioselective synthesis,10 which 
was mostly limited to sterically small allyl substituents. Moreover, competing β-hydride 
elimination was problematic. In the reported stereospecific reaction enantioenriched branched 
Cbz-protected carbamates underwent decarboxylative allylation to generate enantioenriched 
allylic carbamates with overall retention, via a double inversion mechanism involving an Ir-π-allyl 
intermediate. Since the decarboxylative coupling occurred with high stereochemical fidelity, the 
epimerization via π-σ-π isomerization was slow. The reaction proceeded in the presence of 
[Ir(cod)Cl]2, a chiral phosphoramidite ligand 3.10 and DBU in THF at room temperature. 
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However, the chiral ligand had no effect on the stereochemistry of the reaction, and it was simply 
used due to the ineffectiveness of other achiral ligands. 
 
Scheme 3.5 
3.4 Palladium-catalyzed stereospecific decarboxylative benzylation reactions with weakly-
stabilized nucleophiles 
In light of the reported metal-catalyzed stereospecific decarboxylative allylic cross-coupling 
reactions, we sought to implement a stereospecific decarboxylative benzylic cross-coupling 
reaction with less-stabilized nucleophiles (pKa >20), under palladium-catalyzed conditions. Given 
the fact that the chiral palladium-π-benzyl intermediates do not epimerize rapidly during reaction 
with stabilized nucleophiles,11 our pursuit of a highly stereospecific coupling of benzyl 
electrophiles with less stabilized nucleophiles seemed reasonable.  
We were specifically interested in benzylic electrophiles with the 1,1-diarylalkyl motif, due to 
their prevalence in pharmaceuticals, such as tolterodine 3.11,12 CDP-840 3.12,13 and nomifensine 
3.13.12c, 14 Moreover, the 1,1-diarylalkyl structural unit could also be found in compounds that 
show biological activity as antimuscarinics,15 antidepressants,16 and endothelin antagonists.17 
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Furthermore, the need of developing practical asymmetric methods for the synthesis of optically 
pure compounds with 1,1-diarylalkyl subunits was also highlighted in a recent publication from 






A few of the reported synthetic methods for the induction of chirality in 1,1-diarylalkyl 
subunits include asymmetric epoxidations,19 asymmetric conjugate addition of organometallic 
reagents to cinnamates,20 aryl cuprate additions to enantioenriched cyclopropane dicarboxylates,21 
catalytic asymmetric C–H insertion of rhodium carbenoids into cyclohexadienes,12c and 
asymmetric reductions.22  
Additionally, the Jarvo (Scheme 3.6) and Watson groups have implemented nickel-catalyzed 
stereospecific cross-coupling reactions of 1,1-diarylalkyl electrophiles to generate enantioenriched 
molecules with a tertiary stereogenic center.23 Since benzyl halides lose stereochemical 
information in the oxidative addition step of nickel catalyzed processes,24 benzyl ethers and benzyl 
esters were employed for the successful transfer of stereochemical information from reactants to 
the products via a chiral nickel-π-benzyl intermediate.23a-c, 23e, 23f Moreover, an unusual 
stereospecific cross-coupling reaction of benzylic carbamates with arylboronic esters was also 
developed, in which the stereochemical outcome of the product depends on the achiral ligand 
used.23c In the presence of PCy3, reaction occurs with retention, while SIMes delivers the product 
with inversion. However, the exact mechanisms that operate in these achiral ligand-dependent 
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stereospecific pathways is currently unknown.23e, 23g Furthermore, all of these stereospecific 
coupling reactions require the use of preformed organometallics. 
Similarly, synthesis of enantioenriched 1,1-diaryl substrates would benefit greatly from 
stereospecific decarboxylative coupling, because the enantioenriched carboxylic acid derivatives 
could be easily synthesized from the respective enantiopure diarylmethanols, which are readily 















Based on previous work on palladium-catalyzed decarboxylative benzylation of alkynes,27 we 
thought to implement a highly stereospecific palladium-catalyzed decarboxylative benzylation 
strategy to synthesize enantiopure 1,1-diarylethynyl methanes. Despite the significant 
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advancements made in transition metal-catalyzed asymmetric cross-coupling reactions, the 
asymmetric alkynylation of secondary benzyl electrophiles is scarcely reported in the literature.28 
Moreover, there is not any direct approach reported for the synthesis of enantioenriched 1,1-
diarylethynyl methanes, which can serve as valuable precursors for the synthesis of 
enantioenriched 1,1-diarylmethanes.  
3.4.1 Development of stereospecific decarboxylative benzylation of alkynes 
We envisioned the synthesis of enantioenriched 1,1-diarylethynyl methanes 3.14c via the 
palladium-catalyzed decarboxylative coupling of enantioenriched benzyl esters 3.14b. These 




To begin, racemic benzylic ester 3.15b was synthesized from the respective racemic 
diarylmethanol via standard DCC/DMAP coupling.27 Then a variety of catalyst/ligand 
combinations were evaluated (Table 3.3) for the decarboxylative coupling of 3.15b, with the goal 
of developing the stereospecific reaction. As it was previously shown,27 10 mol% Pd(PPh3)4 at 110 
°C in toluene provided the highest conversion to 3.15c (entry 19). No cross-coupled product was 





Next, we examined the stereospecificity of this cross-coupling reaction. Highly enantiopure 
(S)-3.15b was synthesized from the corresponding enantiopure alcohol.29 Gratifyingly, the 
decarboxylative benzylation of (S)-3.15b occurred with high stereochemical fidelity to provide the 
benzyl alkyne (R)-3.15c with a 94% cee (Table 3.4, entry 1) under optimized reaction conditions 
(Table 3.3, entry 19). Remarkably, increasing the catalyst loading to 15 mol%, and 20 mol% did 
not show a significant effect on the yield or the stereospecificity of the reaction (Table 3.4, entry 2 
and 3). This is in contrast to previous reports, where a higher catalyst loading lowered the 
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enantiospecificity of the reaction due to racemization of the chiral palladium-π-benzyl 
intermediate, presumably via the attack of a second palladium species on the palladium-π-benzyl 
















Next, we synthesized a range of racemic benzylic ester derivatives 3.16b, via the DCC/ DMAP 
coupling of respective racemic diarylmethanols 3.16a, with propiolic acid substrates (Scheme 
3.8).27 Racemic diarylmethanols were prepared by methods reported in literature.23c, 31 Under 
optimized reaction conditions the racemic benzyl esters underwent decarboxylative benzylation to 





The substrate scope for the racemic decarboxylative benzylation of alkynes is shown in scheme 
3.9). In general, when electron donating substituents are present on the naphthyl or phenyl ring, 
benzyl alkynes are formed in very good yields (3.18c - 3.22c). This is probably due to the 
stabilization of the cationic palladium-π-benzyl intermediate by electron rich substrates. With the 
ortho-methoxy substrate (3.23c) the yield was lowered due to steric hindrance. The para-fluoro 
(3.24b) and para-chloro (3.28b) substituted phenyl propiolates also provided good yields. While 
inductively electron withdrawing meta-methoxy phenyl propiolate provided the respective benzyl 
alkyne 3.27c in a very good yield, meta-chloro (3.29c), meta-alkyl (3.30c) and di-substituted 
benzyl alkyne (3.25c and 3.31c) were formed in moderate yields. However, the phenyl propiolate 
substrates 3.32b - 3.34b did not react under optimized reaction conditions, and we were able to 
isolate the unreacted benzyl ester to account for the mass-balance (Scheme 3.10). We think that 
the steric hindrance caused by the ortho-methyl group of 3.32b, prevented the palladium-π-benzyl 
formation on the extended arene. Substrate 3.34b was also unreactive towards the optimized 
conditions, presumably due to the presence of a meta-bromo substituent. However, the change of 









Palladium-catalyzed decarboxylative coupling is also applicable to the synthesis of 1,1-
diarylethynyl methanes with heteroaromatic aryl groups (Scheme 3.10). Thiophene (3.35c), furan 
(3.36c) and indole (3.37c) moieties were well-tolerated and provided the cross-coupled alkynes in 
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good yields. However, among the heteroaromatic substrates with extended-π conjugation, indole 
was the only heteroaromatic moiety that was able to form the cross-coupled product 3.37c in very 
good yield in the absence of a 1- or 2-naphthyl moiety, presumably via the formation of a 
palladium-π-indolyl intermediate. Phenyl propiolate esters with N-methylbenzimidazole (3.38b), 
3-quinoline (3.39b), and 2-benzofuran (3.40b) did not provide the expected alkyne product. 
Substrates with highly electron withdrawing substituents, for example, para-nitro and para-
cyano substituted phenyl propiolates, provided the allene products (3.41c and 3.42c) in a very low 








Next we looked at the substrate scope for the propiolic acid coupling partner (Scheme 3.11). It 
was gratifying to find that, in addition to phenyl propiolates, alkyl (3.43c, 3.44c, and 3.46c), 
trimethylsilyl (3.45c and 3.52c) and substituted phenyl propiolates (3.47c - 3.49c) also underwent 
decarboxylative coupling to provide the products in moderate to good yields. While trimethylsilyl 
protected alkynes (3.45c and 3.52c) always resulted in a high yield, methyl alkynes (3.43c and 
3.44c) were formed in moderate yield. However, cyclohexenyl alkyne 3.50c and 






Unfortunately, our efforts to extend the electrophile scope to “simple” benzyl esters, which do 
not have extended π-systems was unsuccessful (Scheme 3.12). It was disappointing to isolate the 










Additionally, we tried to develop a one-pot reaction for the coupling of benzyl electrophiles 
with alkynes, using benzyl methyl carbonate 3.18d and phenylpropiolic acid (Scheme 3.13). 




Next, enantioenriched benzylic ester derivatives (3.14b) were synthesized via the DCC/ 
DMAP or PyBop coupling of the respective enantioenriched diaryl alcohol with the propiolic acid 
substrate (Scheme 3.7). Highly enantioenriched diaryl alcohols could be obtained by slightly 
modifying the procedure reported by Braga. In the enantioenriched diarylmethanol synthesis, we 
used a more bulky chiral amino alcohol (2S)-(–)-3-exo-MIB as the chiral ligand, instead of the 
originally reported chiral ligand in Braga’s report.32 This procedure generally provided the 
enantioenriched diarylmethanols with 80-97% ee except for some [(S)-3.23a and (R)-3.31a] where 
a lower ee was obtained (Scheme 3.14). An additional advantage of this method is that either 
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enantiomer of the diarylmethanol could be obtained via the appropriate selection of the aryl 




We then investigated the scope of the stereospecific decarboxylative benzylation reaction 
(Table 3.5). A variety of substituted benzo-fused propiolates underwent stereospecific 
decarboxylative benzylation with excellent enantiospecificity, providing moderate to good yields. 
Reactants of substrates bearing substituents at the para-position with a halogen (R)-3.24c, (S)-
3.28c or alkyl group (R)-3.20c, (R)-3.21c provided the cross-coupled product in high yield and 
high enantiospecificity. Interestingly, we could access both enantiomers of (R)-3.24c and (S)-3.28c 
in high ee, via the appropriate selection of aryl aldehyde and aryl boronic acid. Inductively electron 
donating methyl (R)-3.30c and inductively electron withdrawing -OMe substituents at the meta-
position (R)-3.27c also provided satisfactory results. However, good electron donors in the ortho 
or para-position led to partial racemization of the benzylic ester derivative [(S)-3.23b, (S)-3.26b, 
(R)-3.31b, (R)-3.22b]. Different coupling reagents (DCC-DMAP, PyBop and HOBT) were used 
to couple benzyl alcohols with propiolic acids in order to optimize the ee in the esterification 













The para-methoxy substrate 3.19c was obtained as a nearly racemic mixture. Since the benzyl 
ester 3.19b was not separable by HPLC (using Chiralcel OD, OD-H and Chiralpak AD, AD-H and 
AS-H chiral columns), we do not know whether the benzyl ester was racemized or whether the 
racemization occurred during the reaction.  
Interestingly, heteroaromatic phenyl propiolates [(S)-3.35c, (S)-3.36c, and (R)-3.37c] also 





Next, the scope of the acetylide coupling partner was examined (Table 3.6). In addition to 
phenyl propiolates, alkyl [(R)-3.44c, (R)-3.46c] and substituted phenyl propiolates [(R)-3.47c - 
(R)-3.49c] also underwent decarboxylative benzylation with high stereospecificity. The synthesis 
and purification of trimethylsilyl protected propiolates (3.45b and 3.52b) were not problematic 
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initially. However, racemic or enantioenriched trimethylsilyl protected propiolates could not be 
synthesized with reproducibility due to its instability on the silica column, even under slightly 
basic conditions. This could be due to differences in the silica that was used as there was a 
significant time gap between syntheses of the trimethylsilyl protected propiolates. Therefore, the 
stereospecific cross-coupling could not be carried out to yield enantioenriched trimethylsilyl 
protected benzyl alkynes. 
 
To show the potential to make other tertiary diarylmethane compounds, we briefly looked at 
the stereospecificity of the catalytic hydrogenation of benzyl alkyne (R)-3.17c, in the presence of 
10 mol% Pd/C and H2 (Scheme 3.15). We were pleased to obtain the reduced product (R)-3.17e in 








Next, we turned our interest towards the mechanism of the stereospecific decarboxylative 
benzylation of alkynes. Particularly, we were curious to know whether the benzyl-alkyne coupling 
proceeds with retention or inversion of configuration. We crystallized the para-chloro benzyl 
alkyne (S)-3.28c, and obtained an x-ray crystal structure (Figure 3.4). The absolute configuration 








     (S)-3.29c 
      
          Figure 3.4. X-ray crystal structure of (S)-3.28c 
 
The absolute configuration of the alcohol (R)-3.28a was assigned as (R) by comparison with 
HPLC literature data.33 Therefore, the absolute configuration of phenyl propiolate ester (R)-3.28b 
is (R). Since the absolute configuration of the product (S)-3.28c is (S), the decarboxylative 













The proposed catalytic cycle for the palladium-catalyzed stereospecific decarboxylative 
benzylation of alkynes is shown in scheme 3.17. Since the oxidative addition of benzyl ester 3.14b 
with Pd(0) occurs via a SN2-type displacement, the η
3-benzyl-Pd carboxylate intermediate (3A) is 
generated with inversion of stereochemistry.4b The formation of a cationic Pd-benzyl intermediate 
is further supported by the higher yield of the cross-coupled product obtained with electron rich 
substrates, due to the stabilization of the transition state in an SN2 reaction. Decarboxylation of 3A 
forms the benzyl-Pd-acetylide intermediate 3B, which undergoes reductive elimination with 











The formation of the Pd-bound acetylide intermediate was previously proposed by Tunge et 
al., in a decarboxylative allyl-acetylide coupling.34 Similarly, the observed (S) stereochemistry of 
the decarboxylated product (S)-3.28c supports the formation of a Pd-bound acetylide intermediate 
in the reaction mechanism. 
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In summary, this method allows the successful transfer of stereochemical information from a 
secondary alcohol to generate a tertiary stereogenic center. In addition, during the decarboxylative 
coupling a chiral Pd-π-benzyl intermediate is generated. This unique intermediate is equivalent to 
a chiral benzyl cation (Figure 3.5). Thus, the decarboxylative benzylation of alkynes is highly 
stereospecific. To the best of our knowledge, there are no reports on stereospecific decarboxylative 
benzylic cross-coupling reactions reported in literature. Unfortunately, this method is limited to 
substrates with extended aromatic systems (for example, 1-naphthyl, 2-naphthyl and indole), and 
could not be used for the synthesis of 1,1-diarylmethanes, that do not have extended arene systems. 
Additionally, this method provides an atom economical route for the asymmetric coupling of 

















3.4.2 Development of stereospecific decarboxylative benzylation of ketones 
The most general method to synthesize enantioenriched β,β-disubstituted ketones is the 
catalytic asymmetric 1,4-conjugate addition of boronic acids to α,β-unsaturated ketones, which is 
also known as the Hayashi-Miyaura reaction.35 While rhodium is predominantly used,36 use of less 
expensive palladium, in asymmetric conjugate addition of boronic acids to enones is far less 
developed and often suffers from poor enantioselectivity,37 longer reaction times,37a and the need 
for organometallic additives.38 Moreover, the use of asymmetric conjugate addition reactions to 
synthesize β,β-diaryl acyclic ketones have been rarely reported in literature.39 
Previous reports on successful stereospecific allylation of ketone enolates via the palladium-
catalyzed decarboxylative coupling of allyl β-ketoesters,8-9 and racemic decarboxylative coupling 
of benzyl β-ketoesters,27 prompted us to investigate the stereospecificity of the decarboxylative 
coupling of benzyl electrophiles with ketone enolates. We were interested in implementing a 
method to synthesize chiral benzylic ketones with a β,β-diaryl skeleton, specifically with aryl 
systems that do not have extended π-systems.  
Similar to the stereospecific decarboxylative benzylation of alkynes, we envisioned the 
synthesis of enantioenriched benzyl β-ketoester 3.54b from enantiopure diarylmethanols 3.54a. In 
the presence of an achiral palladium catalyst, we expected the formation of non-racemic β,β-diaryl-





Ideally, the oxidative addition of enantioenriched benzyl ester 3.54b to Pd(0) would generate 
the chiral palladium-π-benzyl intermediate 3C with inversion of stereochemistry (Scheme 3.19). 
With allyl β-ketoester substrates that bear α-H’s, allylation precedes decarboxylation,40 implying, 
the carboxylate intermediate (3D) generated undergoes an intramolecular proton transfer to 
generate enolate carboxylic acid (3E). The experimental evidence for this type of intramolecular 
proton transfer was reported by Tunge et al. using a stereochemical test for palladium-catalyzed 
decarboxylative coupling of dihydrocoumarins.40a  Moreover, the formation of diallylated products 
in decarboxylative allylation also supports this phenomenon.41  Outer sphere attack of the enolate 
carboxylic acid intermediate 3E, to the chiral palladium-π-benzyl intermediate 3C would be 
expected to occur with inversion of stereochemistry,42 which is followed by decarboxylation of 3F 
to generate the chiral benzylated ketone 3.54c. However, in the absence of α-H’s in α,α-















To begin, we synthesized the benzyl β-ketoester 3.55b, and examined the decarboxylative 
reaction with various Pd(0) catalysts, under different conditions. To our disappointment, none of 
the Pd(0) catalysts provided a satisfactory conversion to 3.55c. Since cationic palladium sources 
have previously successfully coupled benzyl electrophiles that do not have extended π-systems,43 
we turned our attention to cationic palladium sources, and observed a satisfactory conversion to 





While the role of the counter ion for the cross-coupling is unknown, in the presence of 10 
mol% [Pd(allyl)cod]BF4 and 20 mol% P(1-Np)3, (Table 3.6 , entry 15) the β-ketoester 3.55b was 
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cleanly converted to the product 3.55c, and it was isolated in 77% yield. Therefore, these reaction 
conditions were chosen as the optimized conditions. In the absence of the palladium source and 
the ligand we did not see any conversion of 3.55b to the product (entry 17).  
Next, we synthesized a variety of benzyl β-ketoesters (3.56b - 3.80b, Scheme 3.21).44 The 
synthesis of β-ketoesters 3.56b - 3.80b occurred cleanly. However, 3.81c was isolated in the 
synthesis of β-ketoester 3.81b. Presumably this product formed via a thermal decarboxylative 






Moving forward, we then investigated the reactivity of benzyl β-ketoesters under the optimized 
conditions (Scheme 3.21). Similarly to previous projects, benzylated ketones were obtained in very 
high yield when electron donating substituents were present in the aryl systems. For example, 
3.58c was formed in 96% yield, when a p-OMe substituent was present. The presence of strong 
electron withdrawing substituents, for example, p-NO2 (3.63c) and p-CN (3.64c), did not provide 
any product. However, the presence of p-OMe and p-NO2 provided the benzylated ketone 3.68c 
in good yield. The presence of chloro (3.56c) and bromo (3.57c) substituents was also tolerated 
and the respective benzyl ketones were obtained in moderate yields. Cyclic ketones could also be 







We were very pleased to obtain a high yield, in the formation of both α-mono (3.70c) and α,α-
disubstitued (3.72c) benzyl ketones. The β-ketoesters with 1- and 2-naphthyl systems (3.73c and 
3.74c) also underwent decarboxylative coupling to yield benzylated ketones. Some heteroaromatic 
systems also underwent smooth coupling (3.77c - 3.79c), while β-ketoesters with pyridine (3.76b) 




Next, we synthesized several enantioenriched β-ketoesters to study the stereospecific cross-
coupling reaction (Scheme 3.22). Under standard conditions, β-ketoesters underwent 
decarboxylative coupling to provide benzylated ketones. The synthesized benzylated ketones 
(3.58c, 3.71c, and 3.75c) were purified by column chromatography and separated using chiral 
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stationary phase HPLC to determine the stereospecificity of the reaction. However, to our great 
disappointment, we repeatedly observed the formation of racemic ketones via the decarboxylative 
coupling of enantioenriched β-ketoesters. 
One hypothesis to explain the racemic products was that racemization of benzyl ketones 
occurred during the purification process on the silica column. Therefore, we separated the crude 









The possibility of the thermal racemization of the β-ketoester was also investigated since the 
reaction is performed at high temperature. In the absence of palladium, refluxing at 110 °C in 
toluene did not racemize the β-ketoester (S)-3.58b, nor did it undergo thermal decarboxylative 










Since we always observed the formation of racemic benzylated ketones via the decarboxylative 
coupling of enantioenriched benzyl β-ketoesters (Scheme 3.22 and Scheme 3.23), we hypothesized 
the formation of an achiral secondary benzyl cation intermediate in the reaction mechanism. The 
Lewis acid promoted decarboxylative benzylic cross-coupling via the intermediacy of such an 
achiral benzyl cation has been reported in the literature.45 Specifically, the formation of racemic 
benzylated product 3.83 was observed when enantioenriched benzyl carbonate 3.82 was used 









 Therefore, we propose that in the catalytic cycle (Scheme 3.26) the carbonyl coordination to 
cationic palladium facilitates the ionization of 3G, giving rise to an achiral benzyl cation 3H and 
carboxylate intermediate 3I. Decarboxylation of 3I generates the enolate nucleophile 3J which 
reacts with the benzyl carbocation to generate the racemic benzylated ketone 3.84c through an 
SN1-type mechanism. 
While the aforementioned catalytic pathway is mostly viable for obtaining a racemic 
benzylated ketone, we cannot completely rule out the epimerization of the chiral palladium-π-





















Next, we tried to optimize the reaction conditions with the racemic-3.55b to implement an 
enantioconvergent reaction using chiral ligands (Table 3.8, Figure 3.6). While most of the chiral 
ligands resulted poor conversion to product, the use of (R)-3,4,5-MeO-MeOBIPHEP provided a 




















Since there are reports on successful stereospecific benzylic cross-coupling reactions using 
nickel catalysts, we then screened nickel catalysts with different mono- and bidentate ligands 
(Table 3.9). However, many of the catalyst/ligand combinations failed to provide a satisfactory 
conversion to the benzylated ketone 3.55c, while benzyl β-ketoester 3.55b remained unchanged. 
Nevertheless, Ni(cod)2 and tri(2-furyl)phosphine provided a 68% conversion to the product when 






Because benzyl β-ketoesters were unsuccessful in stereospecific decarboxylative benzylation, 
we turned our attention to benzyl enol carbonates. Literature reports on successful allylation of 
ketones via the decarboxylative cross-coupling of allyl enol carbonates,46 and the previous 
observations by a former coworker in the Tunge group (Robert Torregrosa, Scheme 3.28),47 
prompted us to look at the reactivity of benzyl enol carbonates. In his report, under identical 
conditions he observed the formation of the benzylated ketone 3.86 in 40% and in 79% yield, via 
the decarboxylative coupling of benzyl β-ketoester 3.85, and benzyl enol carbonate 3.88 





Next, we synthesized the benzyl enol carbonates 3.89 and 3.91 and subjected these to the 
identical reaction conditions reported by Torregrosa (Scheme 3.29).47 While benzyl enol carbonate 
3.89 was unable to undergo decarboxylative benzylation under these conditions, it was interesting 
to see a very clean conversion of 3.91 to two different products 3.93 and 3.94 albeit in very low 
yield. However, we did not observe the formation of the expected β,β-disubstituted ketone 3.92 








In summary, the unavoidable racemization of β-ketoesters in the presence of cationic palladium 
prevented us from developing a stereospecific decarboxylative benzylation reaction with enolate 
nucleophiles. However, the optimized conditions could be used to synthesize racemic α,α-
disubstituted-β,β-diaryl acyclic ketones in high yield. Additionally, our studies show that the 
decarboxylative cross-coupling of “simple” benzyl esters is much more challenging compared to 













1. Diederich, F.; Stang, P. J. Metal-catalyzed cross-coupling reactions. John Wiley & Sons: 
2008. 
 
2. (a) Cárdenas, D. J. Towards Efficient and Wide-Scope Metal-Catalyzed Alkyl–Alkyl 
Cross-Coupling Reactions. Angew. Chem. Int. Ed. 1999, 38, 3018-3020. (b) Swift, E. C.; 
Jarvo, E. R. Asymmetric transition metal-catalyzed cross-coupling reactions for the 
construction of tertiary stereocenters. Tetrahedron 2013, 69, 5799-5817. (c) Taylor, B. L. 
H.; Jarvo, E. R. Construction of Enantioenriched Tertiary Stereogenic Centers by Nickel- 
and Palladium-Catalyzed Cross-Coupling Reactions of Alkyl Electrophiles. Synlett 2011, 
2761-2765. 
 
3. Chung, D. S.; Kim, C. K.; Lee, B.-S.; Lee, I. Theoretical studies of substituent effects on 
SN1 reactivities of benzyl- and benzhydryl systems. Tetrahedron 1993, 49, 8359-8372. 
 
4. (a) Wong, P. K.; Lau, K. S. Y.; Stille, J. K. Stereochemistry of oxidative addition of benzyl-
.alpha.-d chloride to tetrakis(triphenylphosphine)palladium(0). Direct evidence for 
configurational inversion at carbon via a nonradical mechanism. J. Am. Chem. Soc. 1974, 
96, 5956-5957. (b) Lau, K. S. Y.; Wong, P. K.; Stille, J. K. Oxidative addition of benzyl 
halides to zero-valent palladium complexes. Inversion of configuration at carbon. J. Am. 
Chem. Soc. 1976, 98, 5832-5840. 
 
5. López-Pérez, A.; Adrio, J.; Carretero, J. C. Palladium-Catalyzed Cross-Coupling Reaction 
of Secondary Benzylic Bromides with Grignard Reagents. Org. Lett. 2009, 11, 5514-5517. 
 
6. He, A.; Falck, J. R. Stereospecific Suzuki Cross-Coupling of Alkyl α-Cyanohydrin 
Triflates. J. Am. Chem. Soc. 2010, 132, 2524-2525. 
 
7. (a) Srinivas, H. D.; Zhou, Q.; Watson, M. P. Enantiospecific, Nickel-Catalyzed Cross-
Couplings of Allylic Pivalates and Arylboroxines. Org. Lett. 2014, 16, 3596-3599. (b) 
98 
 
Schmidtmann, E. S.; Oestreich, M. Mechanistic insight into copper-catalysed allylic 
substitutions with bis(triorganosilyl) zincs. Enantiospecific preparation of α-chiral silanes. 
Chem. Commun. 2006,  3643-3645. (c) Evans, P. A.; Oliver, S. Regio- and Enantiospecific 
Rhodium-Catalyzed Allylic Substitution with an Acyl Anion Equivalent. Org. Lett. 2013, 
15, 5626-5629. 
 
8. Burger, E. C.; Tunge, J. A. Ruthenium-catalyzed stereospecific decarboxylative allylation 
of non-stabilized ketone enolates. Chem. Commun. 2005, 2835-2837. 
 
9. Yan, B.; Spilling, C. D. Synthesis of Cyclopentenones via Intramolecular HWE and the 
Palladium-Catalyzed Reactions of Allylic Hydroxy Phosphonate Derivatives. J. Org. 
Chem. 2008, 73, 5385-5396. 
 
10. (a) Singh, O. V.; Han, H. Iridium(I)-Catalyzed Stereospecific Decarboxylative Allylic 
Amidation of Chiral Branched Benzyl Allyl Imidodicarboxylates. Org. Lett. 2007, 9, 4801-
4804. (b) Singh, O. V.; Han, H. Iridium(I)-Catalyzed Regio- and Enantioselective 
Decarboxylative Allylic Amidation of Substituted Allyl Benzyl Imidodicarbonates. J. Am. 
Chem. Soc. 2007, 129,  774-775. 
 
11. Legros, J.-Y.; Toffano, M.; Fiaud, J.-C. Palladium-catalyzed substitution of esters of 
naphthylmethanols, 1-naphthylethanols, and analogues by sodium dimethyl malonate. 
Stereoselective synthesis from enantiomerically pure substrates. Tetrahedron 1995, 51, 
3235-3246. 
 
12. (a) Nilvebrant, L.; Andersson, K.-E.; Gillberg, P.-G.; Stahl, M.; Sparf, B. Tolterodine – a 
new bladder-selective antimuscarinic agent. Eur. J. Pharmacol. 1997, 327, 195-207. (b) 
Nilvebrant, L.; Hallén, B.; Larsson, G. Tolterodine-a new bladder selective muscarinic 
receptor antagonist: Preclinical pharmacological and clinical data. Life Sci. 1997, 60, 1129-
1136. (c) Davies, H. M. L.; Stafford, D. G.; Hansen, T. Catalytic Asymmetric Synthesis of 
Diarylacetates and 4,4-Diarylbutanoates. A Formal Asymmetric Synthesis of (+)-




13. Hughes, B.; Howat, D.; Lisle, H.; Holbrook, M.; James, T.; Gozzard, N.; Blease, K.; 
Hughes, P.; Kingaby, R.; Warrellow, G.; Alexander, R.; Head, J.; Boyd, E.; Eaton, M.; 
Perry, M.; Wales, M.; Smith, B.; Owens, R.; Catterall, C.; Lumb, S.; Russell, A.; Allen, 
R.; Merriman, M.; Bloxham, D.; Higgs, G. The inhibition of antigen-induced eosinophilia 
and bronchoconstriction by CDP840, a novel stereo-selective inhibitor of 
phosphodiesterase type 4. Br. J. Pharmacol. 1996, 118, 1183-1191. 
 
14. Raiteri, M.; Cerrito, F.; Cervoni, A. M.; Levi, G. Dopamine can be released by two 
mechanisms differentially affected by the dopamine transport inhibitor nomifensine. J. 
Pharmacol. Exp. Ther. 1979, 208, 195-202. 
 
15. Mori, Y.; Takayasu, M.; Suzuki, Y.; Shibuya, M.; Yoshida, J.; Hidaka, H. Effects of 
adrenomedullin on rat cerebral arterioles. Eur. J. Pharmacol. 1997, 330, 195-198. 
 
16. Welch, W. M.; Kraska, A. R.; Sarges, R.; Koe, B. K. Nontricyclic antidepressant agents 
derived from cis- and trans-1-amino-4-aryltetralins. J. Med. Chem. 1984, 27, 1508-1515. 
 
17. Astles, P. C.; Brown, T. J.; Halley, F.; Handscombe, C. M.; Harris, N. V.; Majid, T. N.; 
McCarthy, C.; McLay, I. M.; Morley, A.; Porter, B.; Roach, A. G.; Sargent, C.; Smith, C.; 
Walsh, R. J. A. Selective ETA Antagonists. 5. Discovery and Structure−Activity 
Relationships of Phenoxyphenylacetic Acid Derivatives. J. Med. Chem. 2000, 43, 900-910. 
 
18. Bolshan, Y.; Chen, C.-y.; Chilenski, J. R.; Gosselin, F.; Mathre, D. J.; O'Shea, P. D.; Roy, 
A.; Tillyer, R. D. Nucleophilic Displacement at Benzhydryl Centers:  Asymmetric 
Synthesis of 1,1-Diarylalkyl Derivatives. Org. Lett. 2004, 6, 111-114. 
 
19. (a) Lynch, J. E.; Choi, W. B.; Churchill, H. R. O.; Volante, R. P.; Reamer, R. A.; Ball, R. 
G. Asymmetric Synthesis of CDP840 by Jacobsen Epoxidation. An Unusual Syn Selective 
Reduction of an Epoxide. J. Org. Chem. 1997, 62, 9223-9228. (b) Aggarwal, V. K.; Bae, 
I.; Lee, H.-Y.; Richardson, J.; Williams, D. T. Sulfur-Ylide-Mediated Synthesis of 
100 
 
Functionalized and Trisubstituted Epoxides with High Enantioselectivity; Application to 
the Synthesis of CDP-840. Angew. Chem. Int. Ed. 2003, 42, 3274-3278. 
 
20. Frey, L. F.; Tillyer, R. D.; Caille, A.-S.; Tschaen, D. M.; Dolling, U.-H.; Grabowski, E. J. 
J.; Reider, P. J. Stereoselective Conjugate Addition Reactions of α,β-Unsaturated tert-Butyl 
Esters with Aryllithium Reagents. J. Org. Chem. 1998, 63, 3120-3124. 
 
21. Corey, E. J.; Gant, T. G. A catalytic enantioselective synthetic route to the important 
antidepressant sertraline. Tetrahedron Lett. 1994, 35, 5373-5376. 
 
22. Yoo, K.; Kim, H.; Yun, J. Asymmetric Synthesis of 1,1-Diarylalkyl Units by a Copper 
Hydride Catalyzed Reduction: Differentiation Between Two Similar Aryl Substituents. 
Chem. Eur. J. 2009, 15, 11134-11138. 
 
23. (a) Yonova, I. M.; Johnson, A. G.; Osborne, C. A.; Moore, C. E.; Morrissette, N. S.; Jarvo, 
E. R. Stereospecific Nickel-Catalyzed Cross-Coupling Reactions of Alkyl Grignard 
Reagents and Identification of Selective Anti-Breast-Cancer Agents. Angew. Chem., Int. 
Ed. 2014, 53, 2422-2427. (b) Wisniewska, H. M.; Swift, E. C.; Jarvo, E. R. Functional-
Group-Tolerant, Nickel-Catalyzed Cross-Coupling Reaction for Enantioselective 
Construction of Tertiary Methyl-Bearing Stereocenters. J. Am. Chem. Soc. 2013, 135, 
9083-9090. (c) Harris, M. R.; Hanna, L. E.; Greene, M. A.; Moore, C. E.; Jarvo, E. R. 
Retention or Inversion in Stereospecific Nickel-Catalyzed Cross-Coupling of Benzylic 
Carbamates with Arylboronic Esters: Control of Absolute Stereochemistry with an Achiral 
Catalyst. J. Am. Chem. Soc. 2013, 135, 3303-3306. (d) Maity, P.; Shacklady-McAtee, D. 
M.; Yap, G. P. A.; Sirianni, E. R.; Watson, M. P. Nickel-Catalyzed Cross Couplings of 
Benzylic Ammonium Salts and Boronic Acids: Stereospecific Formation of Diarylethanes 
via C–N Bond Activation. J. Am. Chem. Soc. 2012, 135, 280-285. (e) Zhou, Q.; Srinivas, 
H. D.; Dasgupta, S.; Watson, M. P. Nickel-Catalyzed Cross-Couplings of Benzylic 
Pivalates with Arylboroxines: Stereospecific Formation of Diarylalkanes and 
Triarylmethanes. J. Am. Chem. Soc. 2013, 135, 3307-3310. (f) Taylor, B. L. H.; Harris, M. 
R.; Jarvo, E. R. Synthesis of Enantioenriched Triarylmethanes by Stereospecific Cross-
101 
 
Coupling Reactions. Angew. Chem., Int. Ed. 2012, 51, 7790-7793. (g) Tollefson, E. J.; 
Hanna, L. E.; Jarvo, E. R. Stereospecific Nickel-Catalyzed Cross-Coupling Reactions of 
Benzylic Ethers and Esters. Acc. Chem. Res. 2015, 48, 2344. 
 
24. (a) Jones, G. D.; Martin, J. L.; McFarland, C.; Allen, O. R.; Hall, R. E.; Haley, A. D.; 
Brandon, R. J.; Konovalova, T.; Desrochers, P. J.; Pulay, P.; Vicic, D. A. Ligand Redox 
Effects in the Synthesis, Electronic Structure, and Reactivity of an Alkyl−Alkyl Cross-
Coupling Catalyst. J. Am. Chem. Soc. 2006, 128, 13175-13183. (b) Lin, X.; Phillips, D. L. 
Density Functional Theory Studies of Negishi Alkyl–Alkyl Cross-Coupling Reactions 
Catalyzed by a Methylterpyridyl-Ni(I) Complex. J. Org. Chem 2008, 73, 3680-3688. 
 
25. (a) Salvi, L.; Kim, J. G.; Walsh, P. J. Practical Catalytic Asymmetric Synthesis of Diaryl-, 
Aryl Heteroaryl-, and Diheteroarylmethanols. J. Am. Chem. Soc. 2009, 131, 12483-12493. 
(b) Wu, K.-H.; Gau, H.-M. Remarkably Efficient Enantioselective Titanium(IV)−(R)-H8-
BINOLate Catalyst for Arylations to Aldehydes by Triaryl(tetrahydrofuran)aluminum 
Reagents. J. Am. Chem. Soc. 2006, 128, 14808-14809. (c) Nishimura, T.; Kumamoto, H.; 
Nagaosa, M.; Hayashi, T. The concise synthesis of chiral tfb ligands and their application 
to the rhodium-catalyzed asymmetric arylation of aldehydes. Chem. Commun. 2009,  5713-
5715; (d) Da, C.-S.; Wang, J.-R.; Yin, X.-G.; Fan, X.-Y.; Liu, Y.; Yu, S.-L. Highly 
Catalytic Asymmetric Addition of Deactivated Alkyl Grignard Reagents to Aldehydes. 
Org. Lett. 2009, 11, 5578-5581. 
 
26. (a) Ohkuma, T.; Koizumi, M.; Ikehira, H.; Yokozawa, T.; Noyori, R. Selective 
Hydrogenation of Benzophenones to Benzhydrols. Asymmetric Synthesis of 
Unsymmetrical Diarylmethanols. Org. Lett. 2000, 2, 659-662. (b) Burk, M. J. C2-
symmetric bis(phospholanes) and their use in highly enantioselective hydrogenation 
reactions. J. Am. Chem. Soc. 1991, 113, 8518-8519. (c) Lee, C.-T.; Lipshutz, B. H. 
Nonracemic Diarylmethanols From CuH-Catalyzed Hydrosilylation of Diaryl Ketones. 




27. Torregrosa, R. R. P.; Ariyarathna, Y.; Chattopadhyay, K.; Tunge, J. A. Decarboxylative 
Benzylations of Alkynes and Ketones. J. Am. Chem. Soc. 2010, 132, 9280-9282. 
 
28. Caeiro, J.; Pérez Sestelo, J.; Sarandeses, L. A. Enantioselective Nickel-Catalyzed Cross-
Coupling Reactions of Trialkynylindium Reagents with Racemic Secondary Benzyl 
Bromides. Chem. Eur. J. 2008, 14, 741-746. 
 
29. Braga, A. L.; Ludtke, D. S.; Vargas, F.; Paixao, M. W. Catalytic enantioselective arylation 
of aldehydes: boronic acids as a suitable source of transferable aryl groups. Chem. 
Commun. 2005,  2512-2514. 
 
30. Legros, J.-Y.; Boutros, A.; Fiaud, J.-C.; Toffano, M. Asymmetric palladium-catalyzed 
nucleophilic substitution of 1-(2-naphthyl)ethyl acetate by dimethyl malonate anion. J. 
Mol. Catal. A: Chem. 2003, 196, 21-25. 
 
31. Qin, C.; Wu, H.; Cheng, J.; Chen, X. a.; Liu, M.; Zhang, W.; Su, W.; Ding, J. The 
Palladium-Catalyzed Addition of Aryl- and Heteroarylboronic Acids to Aldehydes. J. Org. 
Chem. 2007, 72, 4102-4107. 
 
32. Braga, A. L.; Paixão, M. W.; Westermann, B.; Schneider, P. H.; Wessjohann, L. A. 
Acceleration of Arylzinc Formation and Its Enantioselective Addition to Aldehydes by 
Microwave Irradiation and Aziridine-2-methanol Catalysts. J. Org. Chem. 2008, 73, 2879-
2882. 
 
33. Li, K.; Hu, N.; Luo, R.; Yuan, W.; Tang, W. A Chiral Ruthenium-Monophosphine Catalyst 
for Asymmetric Addition of Arylboronic Acids to Aryl Aldehydes. J. Org. Chem. 2013, 
78, 6350-6355. 
 
34. Rayabarapu, D. K.; Tunge, J. A. Catalytic Decarboxylative sp−sp3 Coupling. J. Am. Chem. 




35. Takaya, Y.; Ogasawara, M.; Hayashi, T.; Sakai, M.; Miyaura, N. Rhodium-Catalyzed 
Asymmetric 1,4-Addition of Aryl- and Alkenylboronic Acids to Enones. J. Am. Chem. Soc. 
1998, 120, 5579-5580. 
 
36. Hayashi, T.; Yamasaki, K. Rhodium-Catalyzed Asymmetric 1,4-Addition and Its Related 
Asymmetric Reactions. Chem. Rev. 2003, 103, 2829-2844. 
 
37. (a) Suzuma, Y.; Yamamoto, T.; Ohta, T.; Ito, Y. Asymmetric 1,4-Addition Reaction of 
Arylboronic Acid to Eneone Catalyzed by Palladium with Ferrocene-based Phosphine 
Ligand. Chem. Lett. 2007, 36, 470-471. (b) Suzuma, Y.; Hayashi, S.; Yamamoto, T.; Oe, 
Y.; Ohta, T.; Ito, Y. Asymmetric 1,4-addition of organoboronic acids to α,β-unsaturated 
ketones and 1,2-addition to aldehydes catalyzed by a palladium complex with a ferrocene-
based phosphine ligand. Tetrahedron: Asymmetry 2009, 20, 2751-2758. 
 
38. (a) Nishikata, T.; Yamamoto, Y.; Miyaura, N. 1,4-Addition of Arylboronic Acids and 
Arylsiloxanes to α,β-Unsaturated Carbonyl Compounds via Transmetalation to Dicationic 
Palladium(II) Complexes. Organometallics 2004, 23, 4317-4324. (b) Cho, C. S.; Motofusa, 
S.-i.; Ohe, K.; Uemura, S.; Shim, S. C. A New Catalytic Activity of Antimony(III) Chloride 
in Palladium(0)-Catalyzed Conjugate Addition of Aromatics to .alpha.,.beta.-Unsaturated 
Ketones and Aldehydes with Sodium Tetraphenylborate and Arylboronic Acids. J. Org. 
Chem. 1995, 60, 883-888. 
 
39. (a) Hansmann, M. M.; Hashmi, A. S. K.; Lautens, M. Gold Meets Rhodium: Tandem One-
Pot Synthesis of β-Disubstituted Ketones via Meyer–Schuster Rearrangement and 
Asymmetric 1,4-Addition. Org. Lett. 2013, 15, 3226-3229. (b) Liao, Y.-X.; Xing, C.-H.; 
Israel, M.; Hu, Q.-S. Sequential Aldol Condensation-Transition Metal-Catalyzed Addition 
Reactions of Aldehydes, Methyl Ketones, and Arylboronic Acids. Org. Lett. 2011, 13, 
2058-2061. (c) Wong, J.; Gan, K.; Chen, H. J.; Pullarkat, S. A. Evaluation of Palladacycles 
as a Non-Rhodium Based Alternative for the Asymmetric Conjugate 1,4-Addition of 




40. (a) Chattopadhyay, K.; Jana, R.; Day, V. W.; Douglas, J. T.; Tunge, J. A. Mechanistic 
Origin of the Stereodivergence in Decarboxylative Allylation. Org. Lett. 2010, 12, 3042-
3045. (b) Weaver, J. D.; Recio, A.; Grenning, A. J.; Tunge, J. A. Transition Metal-
Catalyzed Decarboxylative Allylation and Benzylation Reactions. Chem. Rev. 2011, 111, 
1846-1913. 
 
41. Shimizu, I.; Yamada, T.; Tsuji, J. Palladium-catalyzed rearrangement of allylic esters of 
acetoacetic acid to give γ,δ-unsaturated methyl ketones. Tetrahedron Lett. 1980, 21, 3199-
3202. 
 
42. Burger, E. C.; Tunge, J. A. Asymmetric Allylic Alkylation of Ketone Enolates:  An 
Asymmetric Claisen Surrogate. Org. Lett. 2004, 6 , 4113-4115. 
 
43. Kuwano, R.; Kondo, Y.; Matsuyama, Y. Palladium-Catalyzed Nucleophilic Benzylic 
Substitutions of Benzylic Esters. J. Am. Chem. Soc. 2003, 125, 12104-12105. 
 
44. (a) Yadav, J. S.; Reddy, B. V. S.; Krishna, A. D.; Reddy, C. S.; Narsaiah, A. V. 
Triphenylphosphine: An efficient catalyst for transesterification of β-ketoesters. J. Mol. 
Catal. A: Chem. 2007, 261, 93-97. (b) Bizet, V.; Lefebvre, V.; Baudoux, J.; Lasne, M.-C.; 
Boulangé, A.; Leleu, S.; Franck, X.; Rouden, J. Metal-Free SN2′ Decarboxylative 
Rearrangement of β-Keto Esters. Eur. J. Org. Chem. 2011,  4170-4175. 
 
45. Tokumaru, T.; Nakata, K. InCl3-promoted intramolecular decarboxylative etherification of 
benzylic carbonates. Tetrahedron Lett. 2015, 56, 2336-2339. 
 
46. (a) Trost, B. M.; Xu, J.; Schmidt, T. Palladium-Catalyzed Decarboxylative Asymmetric 
Allylic Alkylation of Enol Carbonates. J. Am. Chem. Soc. 2009, 131, 18343-18357. (b) 
Behenna, D. C.; Stoltz, B. M. The Enantioselective Tsuji Allylation. J. Am. Chem. Soc. 




47. Torregrosa, R. R. P. Syntheses of Functionalized Benzylic Compounds: Development of 
Palladium-catalyzed Decarboxylative Benzylation Reactions. Ph.D. Dissertation, The 




Appendix A2  
General Information: 
All reactions were run under an argon atmosphere using standard Schlenk techniques or an inert 
atmosphere glove box. All glassware were oven or flame dried prior to use. Toluene and THF were 
dried over sodium and distilled in the presence of benzophenone. Dried toluene was taken to the 
glove box in a Schlenk flask with activated molecular sieves. CH2Cl2 was dried over alumina. 
Other commercially available solvents were used without additional purification. All palladium 
catalysts and ligands were purchased from Strem and stored in the glove box under an argon 
atmosphere. Compound purification was effected by flash chromatography using 230x400 mesh, 
60 Å porosity silica obtained from Sorbent Technologies.  
1H NMR and 13C NMR spectra were obtained on a Bruker Avance 400 or a Bruker Avance 500 
DRX spectrometer equipped with a QNP cryoprobe and referenced to residual protio solvent 
signals. Structural assignments were based on 1H, 13C, DEPT-135, COSY, HSQC. Mass 
spectrometry was run using EI or ESI techniques. Chiral HPLC analysis was performed by LC-
10ATVP Shimadzu HPLC using Chiralpak AD, AS-H, AD-H and Chiralcel OD-H, OD chiral 
columns (0.46 cmx 25 cm), eluting with hexane/iso-propanol mixture. Optical rotations were 
measured on an Autopol® IV automatic polarimeter using a 5 cm cell and sodium D line (589 nm) 





Synthesis of racemic diarylmethanols: 
Racemic diarylmethanols were prepared by methods reported in literature.1  
 
Synthesis of racemic benzyl propiolates: 
Racemic propiolic esters were prepared by standard DCC, DMAP coupling as outlined in 
literature.2  
 
Synthesis of asymmetric diarylmethanols:  
All the enantioenriched diarylmethanols were prepared by slightly modifying the procedure 
reported by Braga.3 (2S)-(–)-3-exo-MIB was synthesized using (R)-Camphor in three steps 
according to a method outlined in literature.4  
 
Representative procedure for the synthesis of asymmetric diarylmethanols: 
 
 
To a flame dried Schlenk flask was added phenyl boronic acid (6 mmol, 731 mg) and toluene (10 
mL). Then, diethyl zinc (18 mmol, 18 mL, 1.0 M in hexanes) was added and the solution was 
heated at 60 °C for 24 hours in an oil bath. After 24 hours, it was removed from the oil bath and 
cooled to room temperature. Then, a solution of (2S)-(–)3-exo-MIB (0.25 mmol, 59.8 mg) in 
toluene (5 mL) was added to the reaction mixture and was allowed to stir for one hour at room 
temperature, before the addition of 2-naphthaldehyde (2.5 mmol, 390 mg). Then the reaction 
mixture was allowed to stir for 12 hours and the resulting mixture was quenched with 1 N HCl 
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acid, and the product was extracted with EtOAc. The Combined organics were washed with brine 
and dried over MgSO4 and concentrated in vacuo. The crude product was purified via flash 
chromatography over silica gel.  
 
Assigning the absolute configuration to enantioenriched diarylmethanols: 
Absolute configuration of the enantiopure diaryl alcohols were assigned based on HPLC literature 





HPLC data for the enantioenriched diarylmethanols: 
 
 




HPLC analysis: 91 %ee (Chiralcel OD, 95:5 Hexanes/isopropanol, 0.8 mL/min, 254 nm, major 
Rt = 31.5 min, minor Rt 39.7 min). 
   
 
 
(S)-naphthalen-1-yl(phenyl)methanol  ((S)-3.15a) 
 
HPLC analysis: 93% ee (Chiralcel OD, 80:20 Hexanes/isopropanol, 0.8 mL/min, 254 nm, major 





HPLC analysis: 89% ee (Chiralcel OD-H, 90:10 Hexanes/isopropanol, 0.8 mL/min, 254 nm, 
major Rt = 20.4 min, minor Rt = 18.3 min). 
 
Representative procedure for the synthesis of enantioenriched benzyl phenyl propiolates:  
 
To a flame dried Schlenk flask with a stir bar was added phenylpropiolic acid (222 mg, 1.5 mmol) 
in 0.50 M DCM and triethyl amine (0.2 ml, 1.5 mmol). This reaction mixture was cooled in a dry 
ice/xylene bath, before the addition of the enantioenriched diaryl alcohol (S)-3.17a (356 mg, 1.5 
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mmol) in 0.50 M DCM. After 15 min of stirring, PyBop (780 mg, 1.5 mmol) in 0.50M DCM was 
added to the reaction mixture and left for overnight stirring with gradual warming to room 
temperature. The resulting mixture was quenched with NaHCO3 and extracted with DCM. 
Combined organics were washed with brine and dried over MgSO4 and concentrated in vacuo. The 
crude product was purified via flash chromatography over silica gel. 
 
Representative procedure for the synthesis of the other benzyl propiolates ((R)-3.44b-(R)-
3.49b):  
 
An oven dried reaction flask was charged with the enantioenriched diaryl alcohol (S)-3.17a 
(437mg, 1.86 mmol) and 2-butynoic acid (156mg, 1.86 mmol) in 0.2 M DCM, and this reaction 
mixture was cooled in an ice bath for 30 minutes. A solution of DCC (383.7 mg, 1.86 mmol) and 
DMAP (22.7 mg, 0.186 mmol) was dissolved in DCM (9 mL) and added drop wise to the cooled 
reaction mixture and allowed for gradual warming to room temperature. The reaction was stirred 
overnight at room temperature. The resulting mixture was diluted with DCM and filtered through 
celite. The celite pad was washed with small portions of DCM. Collected filtrate was concentrated 
in vacuo and purified via flash chromatography over silica gel. 
 
Preparation of propiolic acid for (S)-3.47b - (S)-3.49b:  
These compounds were made by the method outlined by Tanaka.6  
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Phenyl propiolic acid, 2-butynoic acid and 2-hexynoic acid were purchased from Sigma Aldrich. 
 







In a glove box, under an argon atmosphere, a flame dried Schlenk tube was charged with propiolic 
ester (S)-3.17b (80 mg, 0.22 mmol), Pd(PPh3)4 (25 mg, 0.022 mmol) and toluene (5.5 mL). The 
Schlenk tube was equipped with a septum, and the sealed tube was removed from the glove box 
and stirred at 110 °C for 19 hours. The resulting reaction mixture was cooled to room temperature, 
concentrated in vacuo and was purified via flash chromatography over silica gel. The isolated 
compound was stored in the freezer. 
 
Note on storage: 
We observed a loss in %ee in propiolic esters when stored at room temperature for longer period 




Demonstration of the stereochemical course: 
 
Enantioenriched alcohol (R)-3.28a was prepared by a slightly modified procedure reported by 
Braga,3 using (2S)-3-exo-MIB as the chiral catalyst. The stereochemistry of (R)-3.28a was verified 
by comparison of the HPLC data to the reported data in literature.5c Conversion to benzyl 
phenylpropiolate (R)-3.28b was followed by the palladium catalyzed stereospecific cross-coupling 
reaction, to generate (S)-3.28c, in which the absolute configuration was determined by x-ray 
crystallographic analysis. This product corresponds to a net inversion of stereochemistry in this 
stereospecific cross-coupling reaction. The absolute configuration of all the decarboxylated 
products were assigned based on the assumption that the cross-coupling reaction occurs with 
inversion of configuration. 
 
Determination of the absolute configuration of (S)-3.28c: 
The absolute configuration of compound (S)-3.28c was determined using anomalous dispersion of 
the Cu K x-rays. The value of the Flack absolute structure parameter refined to a value of 
0.045(15) using all of the reflections and to a value of 0.092(10) using 652 selected quotients with 
the Parsons' Method.[7] This was further checked by refining a BASF parameter [final value: 




Table A2.2.  Crystal data and structure refinement for C25H17Cl. 
 
Empirical formula  C25H17Cl 
Formula weight  352.83 
Temperature  100(2) K 
Wavelength  1.54178 Å 
Crystal system  Monoclinic 
Space group  P 21 
Unit cell dimensions a = 10.027(2) Å α = 90°. 
 b = 5.4598(13) Å β = 106.348(4)°. 
 c = 16.953(4) Å γ = 90°. 
Volume 890.6(4) Å3 
Z 2 
Density (calculated) 1.316 Mg/m3 
Absorption coefficient 1.909 mm-1 
F(000) 368 
Crystal size 0.360 x 0.085 x 0.050 mm3 
Theta range for data collection 4.595 to 68.042°. 
Index ranges -11<=h<=10, -5<=k<=6, -19<=l<=20 
Reflections collected 5823 
Independent reflections 2388 [R(int) = 0.0264] 
Completeness to theta = 66.000° 97.8 %  
Absorption correction Multi-scan 
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Max. and min. transmission 1.000 and 0.676 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 2388 / 1 / 303 
Goodness-of-fit on F2 1.065 
Final R indices [I>2sigma(I)] R1 = 0.0255, wR2 = 0.0661 
R indices (all data) R1 = 0.0255, wR2 = 0.0661 
Absolute structure parameter 0.092(10) 
Extinction coefficient n/a 
Largest diff. peak and hole 0.153 and -0.211 e.Å-3 
 
 
Representative procedure for the synthesis of racemic or enantioenriched benzyl β-
ketoesters: 
Initially 2,2,6-Trimethyl-4H-1,3-dioxin-4-one (A2.1) (purchased from Sigma Aldrich) was used 
for the synthesis of β-ketoesters (Method 1), but since the reagent (A2.1) was discontinued by 
Sigma, ethyl acetoacetate was used in the presence of catalytic amount of PPh3 (Method 2) to 
synthesize β-ketoesters via the transesterification of alcohols.  







An oven dried flask was charged with diarylmethanol 3.58a (275 mg, 1.28 mmol) and was 
dissolved in toluene (7 mL). 2,2,6-Trimethyl-4H-1,3-dioxin-4-one (0.18 mL, 1.41 mmol) was 
added to the reaction mixture and refluxed for 18 hours. The resulting reaction mixture was cooled 
to room temperature and concentrated in vacuo and was purified via flash chromatography over 




An oven died flask was charged with diarylmethanol 3.59a (300 mg, 1.13 mmol), ethyl 
acetoacetate (0.13 mL, 1.03 mmol), triphenylphosphine (54 mg, 0.21 mmol) and toluene (11 mL). 
Then the reaction mixture was refluxed for 18 h. The resulting mixture was then concentrated in 
vacuo and purified via flash chromatography over silica gel. 
 
Cyclic β-ketoester 3.69b was synthesized by the transesterification of the respective alcohol 3.69a 













In a glove box, an oven dried flask was charged with potassium tert-butoxide (84.2 mg, 0.75 
mmol). The flask was sealed and was taken out of the glove box. The β-ketoester 3.70b (320 mg, 
1.07 mmol) was dissolved in THF (5 mL) and added to the sealed flask. The reaction mixture was 
cooled to 0 °C. This was then followed by the dropwise addition of methyl iodide (0.06 mL, 1.07 
mmol) and the reaction was allowed to run overnight. When the reaction was completed, it was 
quenched with water and extracted with diethyl ether. The combined organic layers were washed 
with brine and died over MgSO4. The filtrate was concentrated and purified via flash 
chromatography over silica gel. 
 






An oven dried flask was charged with the β-ketoester 3.72b (323 mg, 0.91 mmol) and DMSO (18 
mL). Activated K2CO3 (503 mg, 3.64 mmol) was added after few minutes and the reaction was 
stirred at room temperature for 30 minutes. This was followed by the dropwise addition of 
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iodomethane (0.11 mL, 1.82 mmol). The resulting mixture was stirred overnight at room 
temperature and the resulting solution was quenched with water. The product was extracted with 
DCM two times. Combined organics were washed with brine and dried over anhydrous MgSO4. 
The collected filtrate was concentrated in vacuo and purified via flash chromatography over silica 
gel. 
 






In a glove box, a Schlenk flask with a stir bar was charged with the β-ketoester 3.55b (100 mg, 
0.37 mmol), [Pd(allyl)cod]BF4 (12.7 mg, 0.037 mmol), tri-1-naphthylphosphine (30.68 mg, 0.074 
mmol) and toluene (12.4 mL). The flask was sealed with a septum and taken out of the glove box 
and the reaction was allowed to run in an oil bath set to 110 °C. After 18 h, the resulted reaction 
mixture was concentrated in vacuo and purified via flash chromatography over silica gel. 
 
Representative procedure for the synthesis of palladium sources:  
Synthesis of [Pd(allyl)cod]OTf (SM-1-173): 
 
In a glove box, an oven dried Schlenk flask with a stir bar was charged with allylpalladium(II) 
chloride dimer (100 mg, 0.27 mmol), silver triflate (140.3 mg, 0.55 mmol) and DCM (5 mL). The 
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flask was sealed with a septum, taken out from the glove box, and allowed to stir for 15 minutes 
before the addition of cyclooctadiene (0.07 mL, 0.55 mmol). The reaction was stirred for 5 more 
minutes and filtered. The filter cake was then washed with more DCM. Then diethyl ether was 
added to the filtrate until a precipitate formed. Then this was filtered, and the collected solid on 
the filter paper was quickly transferred to a vial and dried under vacuum. The vial was taken into 
the glove box, and stored in glove box freezer. 
 
Synthesis of [Pd(allyl)cod]BF4 (SM-1-229): 
 
The above procedure reported for [Pd(allyl)cod]OTf was followed, using AgBF4.  
 




In a glove box, an oven dried Schlenk flask was charged with allylpalladium(II) chloride dimer 
(797 mg, 2.18 mmol), benzene (10 mL) and THF (10 mL). The flask was sealed with a septum 
and taken out of the glove box. The reaction mixture was cooled to -5 °C, before the drop wise 
addition of sodium cyclopentadienide - 2M in THF (2.18 mL, 4.36 mmol), The reaction was 
allowed to run for 1 hour at -5 °C, and then the ice bath was removed. The reaction was stirred 
another 30 minutes at room temperature, and then the resulting reaction mixture was filtered. The 
solid collected was washed with pentane, transferred to a vial and dried under vacuum. Then the 
vial was taken into the glove box and stored in the glove box freezer. 
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Synthesis of benzyl enol carbonates 3.89 and 3.91, and all the reaction procedures and 
characterization data are detailed in appendix A3. 
 








       
1-(1,3-diphenylprop-2-yn-1-yl)naphthalene (3.15c) 
 
White solid isolated from flash chromatography using: 49:1 hexanes:EtOAc as eluent. 
1H NMR (400 MHz, CDCl3): δ 8.17 (dd, J = 6.4, 3.4 Hz, 1H), 7.89 (dt, J = 7.0, 3.5 Hz, 1H), 7.83 
(d, J = 8.2 Hz, 1H), 7.72 (dd, J = 7.3, 1.2 Hz, 1H), 7.55 – 7.49 (m, 2H), 7.47 (dd, J = 6.3, 3.3 Hz, 
4H), 7.37 – 7.32 (m, 2H), 7.32 – 7.27 (m, 4H), 7.24 (d, J = 7.4 Hz, 1H), 5.95 (s, 1H). 
13C NMR (126 MHz, CDCl3): δ 141.21, 137.04, 134.32, 131.86, 131.19, 128.99, 128.75, 128.37, 
128.28, 128.19, 128.14, 127.04, 126.91, 126.30, 125.79, 125.69, 124.36, 123.69, 90.45, 85.44, 
40.95. 










Yellow oil isolated from flash chromatography using: 49:1 hexanes:EtOAc as eluent. 
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1H NMR (500 MHz, CDCl3): δ 7.93 (d, J = 1.8 Hz, 1H), 7.85 – 7.77 (m, 3H), 7.54 – 7.48 (m, 5H), 
7.46 (td, J = 7.0, 1.6 Hz, 2H), 7.37 – 7.33 (m, 2H), 7.32 (dd, J = 4.7, 2.1 Hz, 3H), 7.24 (d, J = 7.4 
Hz, 1H), 5.38 (s, 1H). 
 13C NMR (126 MHz, CDCl3): δ 141.68, 139.28, 133.60, 132.63, 131.90, 128.83, 128.63, 128.44, 
128.23, 128.21, 128.10, 127.81, 127.16, 126.50, 126.46, 126.36, 126.01, 123.64, 90.22, 85.43, 
44.06. 











                            2-(1,3-diphenylprop-2-yn-1-yl)-6-methoxynaphthalene (3.18c) 
 
Yellow liquid isolated from flash chromatography using: 49:1 hexanes:EtOAc as eluent. 
1H NMR (400 MHz, CDCl3): δ 7.89 – 7.82 (m, 1H), 7.71 (dd, J = 15.8, 8.8 Hz, 2H), 7.54 – 7.50 
(m, 3H), 7.49 (d, J = 1.5 Hz, 2H), 7.37 – 7.29 (m, 5H), 7.28 – 7.21 (m, 1H), 7.19 – 7.10 (m, 2H), 
5.36 (s, 1H), 3.91 (s, 3H). 
13C NMR (126 MHz, CDCl3): δ 157.83, 141.89, 137.02, 133.73, 131.90, 129.56, 129.03, 128.79, 
128.42, 128.18, 127.48, 127.09, 127.00, 126.30, 123.69, 119.11, 105.83, 90.43, 85.27, 55.49, 
43.87. 







                                                                                                                
 
1-(1-(4-methoxphenyl)-3-phenylprop-2-yn-1-yl)naphthalene (3.19c) 
Yellow oil isolated from flash chromatography using: 49:1 hexanes:EtOAc as eluent. 
1H NMR (400 MHz, CDCl3): δ 8.15 (d, J = 9.7 Hz, 1H), 7.91 – 7.85 (m, 1H), 7.81 (d, J = 8.2 Hz, 
1H), 7.69 (d, J = 1.3 Hz, 1H), 7.53 – 7.42 (m, 5H), 7.41 – 7.34 (m, 2H), 7.32 – 7.27 (m, 3H), 6.85 
(d, J = 8.7 Hz, 2H), 5.89 (s, 1H), 3.78 (s, 3H). 
 13C NMR (126 MHz, CDCl3): δ 158.59, 137.29, 134.31, 133.32, 131.84, 131.17, 129.19, 128.98, 
128.36, 128.20, 128.09, 126.71, 126.26, 125.76, 125.68, 124.37, 123.74, 114.10, 90.76, 85.21, 
55.43, 40.15. 






                                                                                                                    
                               2-(3-phenyl-1-(p-tolyl)prop-2-yn-1-yl)naphthalene (3.20c)  
Colorless oil isolated from flash chromatography using: 49:1 hexanes:EtOAc as eluent. 
1H NMR (400 MHz, CDCl3): δ 7.94 (d, J = 1.8 Hz, 1H), 7.88 – 7.74 (m, 3H), 7.49 (dddd, J = 18.1, 
7.2, 4.6, 2.1 Hz, 5H), 7.38 (dd, J = 8.5, 2.2 Hz, 2H), 7.32 (td, J = 4.2, 1.7 Hz, 3H), 7.15 (dd, J = 
8.2, 2.3 Hz, 2H), 5.35 (d, J = 3.3 Hz, 1H), 2.33 (d, J = 2.8 Hz, 3H). 
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13C NMR (126 MHz, CDCl3): δ 139.48, 138.76, 136.78, 133.61, 132.61, 131.90, 129.52, 128.60, 
128.42, 128.17, 128.09, 128.07, 127.80, 126.50, 126.36, 126.31, 125.95, 123.72, 90.45, 85.26, 
43.67, 21.24. 











Yellow oil isolated from flash chromatography using: 49:1 hexanes:EtOAc as eluent. 
1H NMR (400 MHz, CDCl3): δ 7.94 (s, 1H), 7.87 – 7.82 (m, 1H), 7.80 (dd, J = 8.8, 4.0 Hz, 2H), 
7.52 (ddd, J = 9.9, 5.9, 2.1 Hz, 3H), 7.46 (ddd, J = 7.2, 5.0, 1.7 Hz, 2H), 7.43 – 7.39 (m, 2H), 7.38 
– 7.29 (m, 5H), 5.35 (s, 1H), 1.30 (d, J = 2.0 Hz, 9H). 
13C NMR (126 MHz, CDCl3): δ 149.96, 139.45, 138.65, 134.00, 133.84, 131.91, 128.57, 128.42, 
128.16, 128.10, 127.81, 127.74, 126.57, 126.41, 126.31, 125.95, 125.76, 123.75, 90.52, 85.13, 
43.64, 34.63, 31.53. 






                                                                                                     
2-(1-(3-chloro-4-methoxyphenyl)-3-phenylprop-2-yn-1-yl)naphthalene (3.22c) 
Yellow oil isolated from flash chromatography using: 49:1 hexanes:EtOAc as eluent. 
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1H NMR (400 MHz, CDCl3): δ 7.90 (d, J = 1.7 Hz, 1H), 7.88 – 7.76 (m, 3H), 7.48 (tdd, J = 9.0, 
3.9, 1.9 Hz, 6H), 7.38 – 7.29 (m, 4H), 6.89 (d, J = 8.6 Hz, 1H), 5.30 (s, 1H), 3.88 (s, 3H). 
13C NMR (126 MHz, CDCl3): δ 154.15, 138.91, 134.91, 133.58, 132.68, 131.91, 129.95, 128.78, 
128.47, 128.36, 128.10, 127.84, 127.41, 126.46, 126.41, 126.31, 126.13, 123.43, 122.67, 112.24, 
89.73, 85.71, 56.38, 43.00. 







                    1-(1-(2-methoxyphenyl)-3-phenylprop-2-yn-1-yl)naphthalene (3.23c) 
White solid isolated from flash chromatography using: 49:1 hexanes:EtOAc as eluent. 
1H NMR (500 MHz, CDCl3): δ 8.19 (d, J = 8.1 Hz, 1H), 7.90 – 7.83 (m, 1H), 7.78 (d, J = 8.2 Hz, 
1H), 7.73 (d, J = 7.1 Hz, 1H), 7.54 – 7.40 (m, 6H), 7.28 – 7.26 (m, 3H), 7.25 – 7.22 (m, 1H), 6.92 
(dd, J = 9.7, 7.8 Hz, 2H), 6.37 (s, 1H), 3.87 (s, 3H). 
13C NMR (126 MHz, CDCl3): δ 156.27, 137.40, 134.11, 131.89, 131.37, 129.80, 129.64, 128.82, 
128.39, 128.29, 127.93, 127.82, 126.19, 125.90, 125.65, 125.60, 124.11, 123.95, 121.01, 110.98, 
90.95, 84.15, 55.89, 33.43. 










                        2-(1-(4-fluorophenyl)-3-phenylprop-2-yn-1-yl)naphthalene (3.24c) 
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Yellow oil isolated from flash chromatography using: 49:1 hexanes:EtOAc as eluent. 
1H NMR (400 MHz, CDCl3): δ 7.94 – 7.87 (m, 1H), 7.86 – 7.74 (m, 3H), 7.55 – 7.40 (m, 7H), 
7.31 (p, J = 3.5 Hz, 3H), 7.06 – 6.96 (m, 2H), 5.35 (s, 1H). 
13C NMR (126 MHz, CDCl3): δ 162.01 (d, J = 245.5 Hz), 139.07, 137.43, 133.58, 132.66, 131.89, 
129.73 (d, J = 8.1 Hz), 128.75, 128.47, 128.34, 128.08, 127.84, 126.44 (d, J = 5.3 Hz), 126.33, 
126.13, 123.45, 115.63 (d, J = 21.3 Hz), 89.95, 85.65, 43.31. 






                
1-(1-(3,4-difluorophenyl)-3-phenylprop-2-yn-1-yl)naphthalene (3.25c) 
Yellow oil isolated from flash chromatography using: 49:1 hexanes:EtOAc as eluent. 
1H NMR (500 MHz, CDCl3): δ 7.90 (d, J = 1.8 Hz, 1H), 7.86 – 7.79 (m, 3H), 7.56 – 7.52 (m, 1H), 
7.52 – 7.48 (m, 3H), 7.48 – 7.43 (m, 2H), 7.35 – 7.32 (m, 3H), 7.20 (ddt, J = 10.3, 3.8, 2.3 Hz, 
1H), 7.11 (dt, J = 10.2, 8.3 Hz, 1H), 5.33 (s, 1H). 
13C NMR (126 MHz, CDCl3): δ 151.01 (dd, J = 110.0, 12.8 Hz), 149.04 (dd, J = 109.3, 12.9 Hz), 
138.75 – 138.60 (m), 138.41, 133.57, 132.72 (d, J = 7.2 Hz), 131.90, 128.93, 128.63, 128.52, 
128.09, 127.87, 126.57 (d, J = 5.9 Hz), 126.30, 126.15, 124.07 (dd, J = 6.3, 3.6 Hz), 117.51, 
117.37, 117.30, 117.15, 89.18, 86.03, 43.27. 












Yellow solid isolated from flash chromatography using: 49:1 hexanes:EtOAc as eluent. 
1H NMR (500 MHz, CDCl3): δ 7.91 (dd, J = 1.8, 0.9 Hz, 1H), 7.85 – 7.75 (m, 3H), 7.52 – 7.43 
(m, 5H), 7.42 – 7.38 (m, 2H), 7.34 – 7.28 (m, 3H), 7.22 (d, J = 8.4 Hz, 2H), 5.34 (s, 1H), 2.46 (s, 
3H). 
13C NMR (126 MHz, CDCl3): δ 139.13, 138.66, 137.20, 133.59, 132.65, 131.90, 128.70, 128.68, 
128.45, 128.27, 128.09, 127.82, 127.09, 126.42, 126.05, 123.56, 90.04, 85.50, 43.54, 16.13. 










Yellow oil isolated from flash chromatography using: 49:1 hexanes:EtOAc as eluent. 
1H NMR (400 MHz, CDCl3): δ 8.20 – 8.10 (m, 1H), 7.87 (dt, J = 6.8, 2.8 Hz, 1H), 7.81 (d, J = 8.3 
Hz, 1H), 7.70 (dd, J = 7.2, 1.3 Hz, 1H), 7.52 – 7.39 (m, 5H), 7.31 – 7.27 (m, 3H), 7.22 (d, J = 7.8 




13C NMR (126 MHz, CDCl3): δ 159.92, 142.81, 136.89, 134.32, 131.86, 131.21, 129.69, 128.98, 
128.37, 128.29, 128.14, 126.88, 126.31, 125.78, 125.68, 124.33, 123.68, 120.67, 114.35, 112.09, 
90.31, 85.44, 55.36, 40.94. 






   
2-(1-(4-chlorophenyl)-3-phenylprop-2-yn-1-yl)naphthalene (3.28c) 
 
Yellow solid isolated from flash chromatography using: 49:1 hexanes:EtOAc as eluent. 
1H NMR (400 MHz, CDCl3): δ 7.95 – 7.90 (m, 1H), 7.88 – 7.78 (m, 3H), 7.52 (ddd, J = 7.4, 3.3, 
1.7 Hz, 3H), 7.49 (d, J = 2.6 Hz, 1H), 7.49 – 7.46 (m, 1H), 7.45 (d, J = 2.0 Hz, 1H), 7.43 (d, J = 
2.1 Hz, 1H), 7.36 – 7.32 (m, 4H), 7.31 (d, J = 1.9 Hz, 1H), 5.37 (s, 1H). 
13C NMR (126 MHz, CDCl3): δ 140.22, 138.75, 133.57, 133.01, 132.68, 131.89, 129.57, 128.94, 
128.80, 128.48, 128.38, 128.08, 127.84, 126.49, 126.28, 126.17, 123.38, 89.64, 85.79, 43.45. 












Yellow oil isolated from flash chromatography using: 49:1 hexanes:EtOAc as eluent. 
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1H NMR (400 MHz, CDCl3): δ 7.93 (d, J = 1.8 Hz, 1H), 7.88 – 7.78 (m, 3H), 7.55 – 7.51 (m, 2H), 
7.51 – 7.48 (m, 3H), 7.48 – 7.46 (m, 1H), 7.37 (d, J = 7.3 Hz, 1H), 7.36 – 7.31 (m, 3H), 7.28 (d, J 
= 8.0 Hz, 1H), 7.24 (t, J = 2.0 Hz, 1H), 5.35 (s, 1H). 
13C NMR (126 MHz, CDCl3): δ 143.68, 138.52, 134.63, 133.58, 132.71, 131.92, 130.05, 128.84, 
128.49, 128.41, 128.34, 128.11, 127.84, 127.41, 126.57, 126.50, 126.43, 126.28, 126.20, 123.34, 
89.35, 85.92, 43.75. 












Yellow oil isolated from flash chromatography using: 49:1 hexanes:EtOAc as eluent. 
1H NMR (400 MHz, CDCl3): δ 7.95 (d, J = 3.0 Hz, 1H), 7.88 – 7.75 (m, 3H), 7.49 (dtd, J = 16.1, 
5.4, 4.8, 2.6 Hz, 5H), 7.37 – 7.28 (m, 5H), 7.23 (t, J = 7.5 Hz, 1H), 7.07 (s, 1H), 5.34 (s, 1H), 2.33 
(s, 3H). 
13C NMR (126 MHz, CDCl3): δ 141.60, 139.38, 138.50, 133.61, 132.62, 131.91, 128.92, 128.71, 
128.59, 128.42, 128.19, 128.11, 127.95, 127.81, 126.54, 126.40, 126.32, 125.97, 125.28, 123.71, 
90.37, 85.33, 44.00, 21.69. 










                     
5-(1-(naphthalen-1-yl)-3-phenylprop-2-yn-1-yl)benzo[d][1,3]dioxole (3.31c) 
Yellow oil isolated from flash chromatography using: 49:1 hexanes:EtOAc as eluent. 
1H NMR (400 MHz, CDCl3): δ 8.16 – 8.08 (m, 1H), 7.91 – 7.84 (m, 1H), 7.81 (d, J = 8.2 Hz, 1H), 
7.75 – 7.68 (m, 1H), 7.54 – 7.40 (m, 5H), 7.32 – 7.27 (m, 3H), 6.97 – 6.88 (m, 2H), 6.74 (d, J = 
8.0 Hz, 1H), 5.92 (q, J = 1.4 Hz, 2H), 5.83 (s, 1H). 
13C NMR (126 MHz, CDCl3): δ 147.99, 146.62, 136.98, 135.20, 134.34, 131.85, 131.11, 129.01, 
128.38, 128.34, 128.17, 126.75, 126.31, 125.80, 125.68, 124.30, 123.62, 121.32, 108.80, 108.37, 
101.23, 90.44, 85.46, 29.89. 











Yellow oil isolated from flash chromatography using: 49:1 hexanes:EtOAc as eluent.  
1H NMR (400 MHz, CDCl3): δ 7.91 (d, J = 1.8 Hz, 1H), 7.83 (t, J = 6.8 Hz, 3H), 7.57 – 7.40 (m, 
5H), 7.31 (dd, J = 3.7, 2.7 Hz, 3H), 7.27 (s, 2H), 7.08 – 7.03 (m, 1H), 5.41 (s, 1H). 
13C NMR (126 MHz, CDCl3): δ 142.22, 138.69, 133.63, 132.74, 131.90, 128.68, 128.45, 128.27, 
128.09, 127.84, 127.72, 126.40, 126.38, 126.32, 126.06, 123.54, 122.01, 89.98, 84.55, 39.72. 
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Yellow liquid isolated from flash chromatography using: 49:1 hexanes:EtOAc as eluent. 
1H NMR (500 MHz, CDCl3): δ 7.94 (d, J = 1.7 Hz, 1H), 7.90 – 7.81 (m, 3H), 7.59 (dd, J = 8.5, 
1.8 Hz, 1H), 7.51 (qt, J = 4.1, 2.0 Hz, 4H), 7.47 (d, J = 1.8 Hz, 1H), 7.41 – 7.38 (m, 1H), 7.34 (p, 
J = 3.4 Hz, 3H), 6.38 (d, J = 1.8 Hz, 1H), 5.26 (s, 1H). 
13C NMR (126 MHz, CDCl3): δ 143.61, 140.08, 138.27, 133.61, 132.78, 131.90, 128.67, 128.45, 
128.28, 128.07, 127.84, 126.60, 126.39, 126.30, 126.29, 126.08, 123.47, 110.51, 89.55, 83.82, 
35.19. 







tert-butyl 3-(1,3-diphenylprop-2-yn-1-yl)-1H-indole-1-carboxylate (3.37c) 
Yellow oil isolated from flash chromatography using: 49:1 hexanes:EtOAc as eluent. 
1H NMR (400 MHz, CDCl3): δ 8.14 (d, J = 8.3 Hz, 1H), 7.63 (s, 1H), 7.55 (ddd, J = 7.7, 4.8, 1.4 
Hz, 3H), 7.48 (dq, J = 7.0, 2.3 Hz, 2H), 7.40 – 7.27 (m, 7H), 7.19 (td, J = 7.5, 1.1 Hz, 1H), 5.40 
(s, 1H), 1.69 (s, 9H). 
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13C NMR (126 MHz, CDCl3): δ 149.95, 140.08, 131.85, 130.32, 129.12, 128.80, 128.38, 128.18, 
128.06, 127.31, 124.61, 124.08, 123.53, 122.67, 121.32, 120.09, 115.48, 89.37, 84.20, 83.89, 
35.51, 28.35. 









Yellow oil isolated from flash chromatography using: 97:3 hexanes:EtOAc as eluent. 
1H NMR (400 MHz, CDCl3): δ 8.10 (d, J = 8.9 Hz, 2H), 7.96 – 7.89 (m, 2H), 7.88 – 7.80 (m, 1H), 
7.64 – 7.48 (m, 4H), 7.47 – 7.28 (m, 8H), 6.81 (s, 1H). 
 13C NMR (126 MHz, CDCl3): δ 209.29, 146.91, 143.64, 134.17, 132.71, 132.56, 131.80, 129.23, 
129.19, 128.82, 128.16, 128.09, 127.69, 127.47, 126.76, 126.38, 125.96, 125.81, 124.13, 110.33, 
98.41. 








Yellow oil isolated from flash chromatography using: 97:3 hexanes:EtOAc as eluent. 
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1H NMR (400 MHz, CDCl3): δ 7.91 (dd, J = 8.1, 1.3 Hz, 2H), 7.85 (d, J = 8.3 Hz, 1H), 7.58 (d, J 
= 1.5 Hz, 1H), 7.53 (d, J = 8.4 Hz, 5H), 7.46 – 7.38 (m, 3H), 7.35 (d, J = 8.2 Hz, 4H), 6.78 (s, 1H). 
13C NMR (126 MHz, CDCl3):  δ 208.78, 141.63, 134.14, 132.88, 132.57, 131.84, 129.16, 129.13, 
128.77, 128.08, 127.61, 127.42, 126.70, 126.33, 125.94, 125.86, 119.17, 110.72, 110.49, 98.41. 





                 
                                    1-(1-phenylbut-2-yn-1-yl)naphthalene (3.43c) 
Yellow oil isolated from flash chromatography using: 49:1 hexanes:EtOAc as eluent. 
1H NMR (500 MHz, CDCl3): δ 8.01 – 7.96 (m, 1H), 7.81 – 7.74 (m, 1H), 7.70 (d, J = 8.2 Hz, 1H), 
7.55 (dd, J = 7.2, 1.2 Hz, 1H), 7.42 – 7.33 (m, 3H), 7.33 – 7.27 (m, 2H), 7.23 – 7.18 (m, 2H), 7.16 
– 7.09 (m, 1H), 5.59 (q, J = 2.5 Hz, 1H), 1.82 (d, J = 2.5 Hz, 3H). 
13C NMR (126 MHz, CDCl3): δ 141.87, 137.64, 134.26, 131.14, 128.93, 128.64, 128.10, 128.05, 
126.85, 126.69, 126.17, 125.68, 125.64, 124.37, 81.06, 79.86, 40.38, 4.09. 









Yellow oil isolated from flash chromatography using: 49:1 hexanes:EtOAc as eluent. 
1H NMR (400 MHz, CDCl3): δ 7.90 (d, J = 1.8 Hz, 1H), 7.88 – 7.75 (m, 3H), 7.53 – 7.41 (m, 5H), 
7.33 (t, J = 7.6 Hz, 2H), 7.25 (d, J = 8.1 Hz, 1H), 5.23 – 5.01 (m, 1H), 1.98 (d, J = 2.6 Hz, 3H). 
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13C NMR (126 MHz, CDCl3): δ 142.27, 139.85, 133.59, 132.55, 128.70, 128.47, 128.13, 128.05, 
127.77, 126.96, 126.54, 126.28, 126.25, 125.87, 81.04, 79.73, 43.56, 4.07. 








               
trimethyl(3-(naphthalen-2-yl)-3-phenylprop-1-yn-1-yl)silane (3.45c) 
Yellow solid isolated from flash chromatography using: 49:1 hexanes:EtOAc as eluent. 
1H NMR (400 MHz, CDCl3): δ 7.88 (d, J = 1.9 Hz, 1H), 7.85 – 7.75 (m, 3H), 7.52 – 7.41 (m, 5H), 
7.33 (td, J = 8.2, 7.7, 2.0 Hz, 2H), 7.28 – 7.20 (m, 1H), 5.20 (s, 1H), 0.25 (d, J = 1.9 Hz, 9H). 
13C NMR (126 MHz, CDCl3): δ 141.40, 139.10, 133.56, 132.59, 128.76, 128.54, 128.14, 128.08, 
127.79, 127.08, 126.45, 126.43, 126.31, 125.98, 106.68, 89.73, 44.42, 0.29. 







                   
                                1-(1-phenylhex-2-yn-1-yl)naphthalene (3.46c) 
Colorless oil isolated from flash chromatography using: 49:1 hexanes:EtOAc as eluent. 
1H NMR (400 MHz, CDCl3):  δ 8.13 – 8.05 (m, 1H), 7.90 – 7.82 (m, 1H), 7.78 (d, J = 8.2 Hz, 
1H), 7.66 – 7.58 (m, 1H), 7.50 – 7.42 (m, 3H), 7.42 – 7.36 (m, 2H), 7.32 – 7.27 (m, 2H), 7.24 – 
7.16 (m, 1H), 5.69 (t, J = 2.2 Hz, 1H), 2.25 (td, J = 7.0, 2.3 Hz, 2H), 1.64 – 1.45 (m, 2H), 0.99 (t, 
J = 7.4 Hz, 3H). 
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13C NMR (126 MHz, CDCl3):  δ 141.96, 137.81, 134.26, 131.17, 128.90, 128.60, 128.10, 128.01, 
126.79, 126.68, 126.10, 125.67, 125.64, 124.47, 85.65, 80.93, 40.42, 22.57, 21.20, 13.78. 









Yellow solid isolated from flash chromatography using: 49:1 hexanes:EtOAc as eluent. 
1H NMR (400 MHz, CDCl3):  δ 8.14 (dt, J = 7.0, 3.6 Hz, 1H), 7.87 (dt, J = 6.7, 3.4 Hz, 1H), 7.81 
(d, J = 8.2 Hz, 1H), 7.70 (d, J = 7.2 Hz, 1H), 7.46 (dq, J = 6.6, 3.9 Hz, 5H), 7.37 – 7.28 (m, 5H), 
7.09 (d, J = 7.9 Hz, 2H), 5.92 (s, 1H), 2.33 (s, 3H). 
13C NMR (126 MHz, CDCl3): δ 141.35, 138.17, 137.18, 134.31, 134.00, 133.84, 131.72, 131.20, 
129.12, 128.97, 128.89, 128.72, 128.64, 128.22, 128.19, 126.99, 126.90, 126.27, 125.76, 125.69, 
124.39, 120.61, 89.67, 85.50, 40.96, 21.63. 










Yellow oil isolated from flash chromatography using: 49:1 hexanes:EtOAc as eluent. 
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1H NMR (500 MHz, CDCl3): δ 8.15 (dq, J = 6.0, 3.5 Hz, 1H), 7.87 (dt, J = 6.0, 3.5 Hz, 1H), 7.81 
(dt, J = 8.3, 1.1 Hz, 1H), 7.70 (dd, J = 7.3, 1.1 Hz, 1H), 7.52 – 7.44 (m, 5H), 7.42 – 7.36 (m, 2H), 
7.35 – 7.28 (m, 2H), 7.24 (d, J = 7.3 Hz, 1H), 6.82 (d, J = 8.7 Hz, 2H), 5.92 (s, 1H), 3.80 (s, 3H). 
13C NMR (126 MHz, CDCl3): δ 159.50, 141.43, 137.26, 134.31, 133.22, 131.20, 128.97, 128.71, 
128.63, 128.19, 126.97, 126.88, 126.25, 125.75, 125.69, 124.40, 115.85, 113.97, 88.91, 85.23, 
55.46, 40.96. 










Yellow oil isolated from flash chromatography using: 49:1 hexanes:EtOAc as eluent. 
1H NMR (400 MHz, CDCl3): δ 8.12 (dt, J = 7.0, 3.5 Hz, 1H), 7.92 – 7.85 (m, 1H), 7.81 (d, J = 8.2 
Hz, 1H), 7.67 (d, J = 6.9 Hz, 1H), 7.53 – 7.38 (m, 7H), 7.36 – 7.28 (m, 2H), 7.23 (d, J = 7.2 Hz, 
1H), 6.98 (t, J = 8.7 Hz, 2H), 5.91 (s, 1H). 
13C NMR (126 MHz, CDCl3): δ 162.49 (d, J = 248.9 Hz), 161.50, 141.09, 136.93, 134.33, 133.69 
(d, J = 8.2 Hz), 131.16, 129.02, 128.79, 128.33, 128.16, 127.10, 126.87, 126.33, 125.82, 125.68, 
124.30, 115.61 (d, J = 22.2 Hz), 90.10, 84.35, 40.89. 










tert-butyl 3-(1-phenyl-3-(trimethylsilyl)prop-2-yn-1-yl)-1H-indole-1-carboxylate (3.52c) 
Colorless oil isolated from flash chromatography using: 49:1 hexanes:EtOAc as eluent. 
1H NMR (400 MHz, CDCl3): δ 8.12 (s, 1H), 7.55 (d, J = 1.1 Hz, 1H), 7.48 – 7.38 (m, 3H), 7.35 – 
7.27 (m, 3H), 7.26 – 7.21 (m, 1H), 7.17 – 7.09 (m, 1H), 5.16 (s, 1H), 1.67 (s, 9H), 0.19 (s, 9H). 
13C NMR (126 MHz, CDCl3): δ 149.89, 139.89, 128.75, 128.05, 127.25, 124.56, 124.19, 122.55, 
121.07, 120.09, 115.43, 105.87, 88.47, 83.78, 35.94, 28.38, 0.23. 
HRMS calcd for C25H29NO2SiNa [M+Na] 426.1865, found 426.1870. 
 








(S)-naphthalen-1-yl(phenyl)methyl 3-phenylpropiolate ((S)-3.15b) 
White solid isolated from flash chromatography using: 97:3 hexanes:EtOAc as eluent. 
[α]D25 = +83.3 (c .00156, DCM). 
1H NMR (500 MHz, CDCl3): δ 8.04 – 7.95 (m, 1H), 7.87 (s, 2H), 7.75 (s, 1H), 7.66 (d, J = 7.1 
Hz, 1H), 7.59 (dd, J = 8.3, 1.4 Hz, 2H), 7.54 – 7.51 (m, 1H), 7.50 – 7.46 (m, 2H), 7.43 (dd, J = 
6.6, 1.4 Hz, 3H), 7.39 – 7.33 (m, 4H), 7.33 – 7.31 (m, 1H). 
13C NMR (126 MHz, CDCl3): δ 153.45, 138.98, 134.55, 134.07, 133.25, 130.90, 130.76, 129.36, 
129.02, 128.81, 128.74, 128.51, 127.84, 126.74, 126.00, 125.84, 125.41, 123.94, 119.73, 87.31, 
80.81, 76.28.  
HRMS calcd for C26H18O2Na [M+Na] 385.1205, found 385.1206.  
136 
 
HPLC analysis: 94% ee (Chiralcel OD-H, 97:3 Hexanes/isopropanol, 0.5 mL/min, 254 nm, major 







(S)-(2-methoxyphenyl)(naphthalen-1-yl)methyl 3-phenylpropiolate ((S)-3.23b) 
White solid isolated from flash chromatography using: 19:1 hexanes:EtOAc as eluent. 
 [α]D25 =  -113.1 (c .0024, DCM). 
1H NMR (500 MHz, CDCl3): δ 8.14 (s, 1H), 8.05 – 7.95 (m, 1H), 7.84 (d, J = 8.2 Hz, 2H), 7.63 – 
7.54 (m, 3H), 7.52 – 7.46 (m, 3H), 7.46 – 7.40 (m, 1H), 7.39 – 7.28 (m, 3H), 7.22 (dd, J = 7.6, 1.7 
Hz, 1H), 6.95 (dd, J = 8.2, 1.1 Hz, 1H), 6.90 (d, J = 1.1 Hz, 1H), 3.88 (s, 3H). 
13C NMR (126 MHz, CDCl3): δ 157.08, 153.31, 134.78, 133.92, 133.25, 131.00, 130.79, 129.97, 
128.99, 128.92, 128.86, 128.71, 127.10, 126.60, 125.93, 125.40, 124.98, 123.88, 120.75, 119.87, 
110.91, 86.82, 81.00, 70.59, 55.86.  
HRMS calcd for C27H20O3Na [M+Na] 415.1310, found 415.1314. 
HPLC analysis: 69% ee (Chiralcel OD-H, 98:2 Hexanes/isopropanol, 0.5 mL/min, 254 nm, minor 







(S)-(3-methoxyphenyl)(naphthalen-1-yl)methyl 3-phenylpropiolate ((S)-3.27b) 
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Colorless oil isolated from flash chromatography using: 19:1 hexanes:EtOAc as eluent.  
[α]D25 =  +27.5 (c .0004, DCM) 
1H NMR (400 MHz, CDCl3): δ 8.07 – 7.99 (m, 1H), 7.92 – 7.83 (m, 2H), 7.73 (s, 1H), 7.65 (s, 
1H), 7.63 – 7.56 (m, 2H), 7.56 – 7.48 (m, 3H), 7.47 – 7.41 (m, 1H), 7.37 (dd, J = 8.2, 6.7 Hz, 2H), 
7.29 (d, J = 7.9 Hz, 1H), 7.07 – 6.96 (m, 2H), 6.86 (ddd, J = 8.2, 2.6, 0.9 Hz, 1H), 3.77 (s, 3H). 
13C NMR (126 MHz, CDCl3): δ 159.89, 153.41, 140.53, 134.43, 134.04, 133.22, 130.89, 130.79, 
129.85, 129.39, 129.00, 128.72, 126.74, 125.99, 125.90, 125.38, 123.87, 120.14, 119.68, 113.72, 
113.62, 87.34, 80.78, 76.07, 55.39. 
HRMS calcd for C27H20O3Na [M+Na] 415.1310, found 415.1314. 
HPLC analysis: 97% ee (Chiralcel OD-H, 97:3 Hexanes/isopropanol, 0.5 mL/min, 254 nm, major 








(S)-(4-fluorophenyl)(naphthalen-2-yl)methyl 3-phenylpropiolate ((S)-3.24b) 
Colorless oil isolated from flash chromatography using: 97:3 hexanes:EtOAc as eluent. 
1H NMR (400 MHz, CDCl3): δ 7.92 – 7.80 (m, 4H), 7.66 – 7.58 (m, 2H), 7.54 – 7.48 (m, 2H), 
7.48 – 7.35 (m, 6H), 7.16 (s, 1H), 7.06 (t, J = 8.7 Hz, 2H). 
13C NMR (126 MHz, CDCl3): δ 162.73 (d, J = 247.3 Hz), 153.33, 136.54, 135.29 (d, J = 3.4 Hz), 
133.25, 130.98, 129.51 (d, J = 8.2 Hz), 129.47, 128.80, 128.78, 128.37, 127.89, 126.67, 126.34, 
124.91, 119.65, 115.75 (d, J = 21.7 Hz), 87.43, 80.72, 78.15.  
HRMS calcd for C26H18FO2 [M+H] 381.1291, found 381.1281. 
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HPLC analysis: 94% ee (Chiralcel OD, 98:2 Hexanes/isopropanol, 0.5 mL/min, 254 nm, minor 







(S)-naphthalen-2-yl(p-tolyl)methyl 3-phenylpropiolate ((S)-3.20b) 
White solid isolated from flash chromatography using: 97:3 hexanes:EtOAc as eluent. 
[α]D25 = +46.2 (c .00026, DCM). 
1H NMR (400 MHz, CDCl3): δ 7.90 (d, J = 1.6 Hz, 1H), 7.82 (d, J = 8.0 Hz, 3H), 7.60 (s, 2H), 
7.52 – 7.42 (m, 4H), 7.41 – 7.29 (m, 4H), 7.21 – 7.12 (m, 3H), 2.35 (s, 3H). 
13C NMR (126 MHz, CDCl3): δ 153.47, 138.32, 136.97, 136.46, 133.27, 133.24, 133.19, 130.87, 
129.49, 128.75, 128.65, 128.38, 127.86, 127.62, 126.52, 126.50, 126.26, 125.09, 119.80, 87.12, 
80.91, 78.80, 21.37. 
HRMS calcd for C27H20O2Na [M+Na] 399.1361, found 399.1372. 
HPLC analysis: 85% ee (Chiralcel OD, 97:3 Hexanes/isopropanol, 0.5 mL/min, 254 nm, minor Rt 








(S)-(4-(methylthio)phenyl)(naphthalen-2-yl)methyl 3-phenylpropiolate ((S)-3.26b) 
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White solid isolated from flash chromatography using: 19:1 hexanes:EtOAc as eluent.  
[α]D25 =  +30.5 (c .00072, DCM). 
1H NMR (500 MHz, CDCl3): δ 7.91 – 7.87 (m, 1H), 7.83 (d, J = 8.6 Hz, 3H), 7.61 (dd, J = 8.3, 
1.4 Hz, 2H), 7.49 (s, 2H), 7.47 – 7.42 (m, 2H), 7.41 – 7.33 (m, 4H), 7.26 – 7.23 (m, 2H), 7.13 (s, 
1H), 2.47 (s, 3H). 
13C NMR (126 MHz, CDCl3): δ 153.40, 139.06, 136.65, 136.13, 133.25, 130.93, 128.77, 128.72, 
128.38, 128.19, 127.88, 126.66, 126.60, 126.34, 125.03, 119.73, 87.29, 80.80, 78.51, 15.83. 
HRMS calcd for C27H20O2SNa [M+Na] 431.1082, found 431.1079. 
HPLC analysis: 62% ee (Chiralcel OD-H, 97:3 Hexanes/isopropanol, 0.5 mL/min, 254 nm, minor 








(S)-(4-(tert-butyl)phenyl)(naphthalen-2-yl)methyl 3-phenylpropiolate ((S)-3.21b) 
 White solid isolated from flash chromatography using: 97:3 hexanes:EtOAc as eluent. 
 [α]D25 =  +45.2 (c .0013, DCM). 
 1H NMR (400 MHz, CDCl3): δ 7.94 – 7.90 (m, 1H), 7.84 (d, J = 8.6 Hz, 3H), 7.65 – 7.57 (m, 
2H), 7.52 – 7.47 (m, 3H), 7.46 (s, 1H), 7.41 – 7.33 (m, 6H), 7.16 (s, 1H), 1.31 (s, 9H). 
13C NMR (126 MHz, CDCl3): δ 153.47, 151.44, 136.94, 136.36, 133.28, 133.23, 133.20, 130.86, 
128.75, 128.63, 128.38, 127.86, 127.40, 126.50, 126.48, 126.23, 125.74, 125.09, 119.80, 87.10, 
80.93, 78.80, 34.77, 31.47. 
HRMS calcd for C30H26O2Na [M+Na] 441.1831, found 441.1838. 
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HPLC analysis: 94% ee (Chiralpak AD-H, 97:3 Hexanes/isopropanol, 0.5 mL/min, 254 nm, minor 








(S)-naphthalen-2-yl(phenyl)methyl 3-phenylpropiolate ((S)-3.17b) 
White solid isolated from flash chromatography using: 97:3 hexanes:EtOAc as eluent. 
1H NMR (500 MHz, CDCl3): δ 7.91 (d, J = 1.7 Hz, 1H), 7.84 (d, J = 8.8 Hz, 3H), 7.64 – 7.59 (m, 
2H), 7.48 (ddt, J = 18.9, 7.5, 2.6 Hz, 6H), 7.38 (t, J = 7.6 Hz, 4H), 7.34 (d, J = 7.2 Hz, 1H), 7.19 
(s, 1H). 
13C NMR (126 MHz, CDCl3): δ 153.41, 139.37, 136.79, 133.24, 130.90, 128.80, 128.75, 128.70, 
128.44, 128.38, 127.86, 127.54, 126.56, 126.47, 125.11, 119.73, 87.24, 80.84, 78.85. 
HRMS calcd for C26H18O2Li [M+Li] 369.1467, found 369.1474. 
HPLC analysis: 92% ee (Chiralcel OD-H, 95:5 Hexanes/isopropanol, 0.5 mL/min, 254 nm, minor 








(S)-naphthalen-2-yl(m-tolyl)methyl 3-phenylpropiolate ((S)-3.30b) 
Colorless oil isolated from flash chromatography using: 97:3 hexanes:EtOAc as eluent. 
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1H NMR (400 MHz, CDCl3): δ 7.90 (d, J = 1.6 Hz, 1H), 7.82 (m, 3H), 7.66 – 7.57 (m, 2H), 7.53 
– 7.41 (m, 4H), 7.41 – 7.33 (m, 2H), 7.25 (d, J = 3.5 Hz, 3H), 7.14 (s, 2H), 2.35 (s, 3H). 
13C NMR (126 MHz, CDCl3): δ 153.44, 139.29, 138.55, 136.91, 133.25, 133.21, 130.89, 129.25, 
128.76, 128.70, 128.67, 128.40, 128.21, 127.87, 126.53, 126.37, 125.13, 124.65, 124.63, 119.79, 
87.18, 80.90, 78.93, 21.67. 
HRMS calcd for C27H20O2Na [M+Na] 399.1361, found 399.1362. 
HPLC analysis: 94% ee (Chiralcel OD-H, 98:2 Hexanes/isopropanol, 0.5 mL/min, 254 nm, minor 







(R)-(4-chlorophenyl)(naphthalen-2-yl)methyl 3-phenylpropiolate ((R)-3.28b) 
Colorless oil isolated from flash chromatography using: 97:3 hexanes:EtOAc as eluent.  
[α]D25 = -16.9 (c .001, DCM) 
1H NMR (500 MHz, CDCl3): δ 7.88 (d, J = 1.7 Hz, 1H), 7.84 (d, J = 8.8 Hz, 3H), 7.65 – 7.58 (m, 
2H), 7.54 – 7.48 (m, 2H), 7.48 – 7.41 (m, 2H), 7.41 – 7.37 (m, 4H), 7.35 (d, J = 8.5 Hz, 2H), 7.14 
(s, 1H) 
13C NMR (126 MHz, CDCl3): δ 153.27, 137.95, 136.30, 134.36, 133.28, 133.26, 133.22, 131.00, 
129.01, 128.94, 128.86, 128.78, 128.38, 127.89, 126.73, 126.69, 126.54, 124.92, 119.62, 87.53, 
80.66, 78.11.  
HRMS calcd for C26H16ClO2 [M-H] 395.0839, found 395.0832. 
HPLC analysis: 91% ee (Chiralcel OD, 95:5 Hexanes/isopropanol, 0.5 mL/min, 254 nm, major Rt 










(S)-(6-methoxynaphthalen-2-yl)(phenyl)methyl 3-phenylpropiolate ((S)-3.18b) 
White solid isolated from flash chromatography using: 19:1 hexanes:EtOAc as eluent.  
[α]D25 =  +43.7 (c .006, DCM). 
1H NMR (400 MHz, CDCl3): δ 7.83 (d, J = 1.8 Hz, 1H), 7.74 (dd, J = 8.7, 6.8 Hz, 2H), 7.64 – 
7.59 (m, 2H), 7.45 (td, J = 7.1, 1.7 Hz, 4H), 7.38 (ddd, J = 8.5, 5.3, 2.0 Hz, 4H), 7.34 (d, J = 7.2 
Hz, 1H), 7.20 – 7.15 (m, 2H), 7.13 (d, J = 2.5 Hz, 1H), 3.92 (s, 3H). 
13C NMR (126 MHz, CDCl3): δ 158.24, 153.44, 139.52, 134.52, 134.47, 133.21, 130.86, 129.85, 
128.76, 128.73, 128.66, 128.33, 127.50, 127.44, 126.52, 125.77, 119.75, 119.35, 105.81, 87.13, 
80.88, 78.91, 55.49. 
HRMS calcd for C27H20O3Na [M+Na] 415.1310, found 415.1306. 
HPLC analysis: 81% ee (Chiralcel OD-H, 99:1 Hexanes/isopropanol, 0.5 mL/min, 254 nm, minor 









(R)-benzo[d][1,3]dioxol-5-yl(naphthalen-1-yl)methyl 3-phenylpropiolate ((R)-3.31b) 
Colorless oil isolated from flash chromatography using: 97:3 hexanes:EtOAc as eluent.  
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1H NMR (500 MHz, CDCl3): δ 7.98 – 7.91 (m, 1H), 7.91 – 7.83 (m, 2H), 7.70 (dd, J = 7.3, 1.0 
Hz, 1H), 7.65 (s, 1H), 7.59 (dd, J = 8.3, 1.4 Hz, 2H), 7.52 (d, J = 1.0 Hz, 1H), 7.48 (d, J = 9.6 Hz, 
3H), 7.38 (d, J = 7.8 Hz, 2H), 6.94 (dd, J = 8.1, 1.8 Hz, 1H), 6.88 (d, J = 1.8 Hz, 1H), 6.77 (d, J = 
8.0 Hz, 1H), 5.94 (dd, J = 7.4, 1.4 Hz, 2H). 
13C NMR (126 MHz, CDCl3): δ 153.38, 148.08, 147.88, 134.48, 134.05, 133.26, 132.85, 130.91, 
130.53, 129.27, 129.03, 128.75, 126.71, 126.00, 125.40, 125.10, 123.84, 122.09, 119.73, 108.63, 
108.48, 101.44, 87.31, 80.81, 76.10. 
HRMS calcd for C27H18O4Na [M+Na] 429.1103, found 429.1107. 









(R)-(3-chloro-4-methoxyphenyl)(naphthalen-2-yl)methyl 3-phenylpropiolate ((R)-3.23b)  
Colorless oil isolated from flash chromatography using: 97:3 hexanes:EtOAc as eluent.  
 [α]D25 =  +25.8 (c .0013, DCM). 
1H NMR (500 MHz, CDCl3): δ 7.91 – 7.80 (m, 4H), 7.65 – 7.58 (m, 2H), 7.54 – 7.47 (m, 2H), 
7.46 (q, J = 2.6 Hz, 2H), 7.43 (dd, J = 8.5, 1.8 Hz, 1H), 7.41 – 7.36 (m, 2H), 7.30 (dd, J = 8.5, 2.2 
Hz, 1H), 7.09 (s, 1H), 6.91 (d, J = 8.6 Hz, 1H), 3.90 (s, 3H). 
13C NMR (126 MHz, CDCl3): δ 155.13, 153.31, 136.41, 133.27, 133.24, 132.62, 130.97, 129.63, 
128.82, 128.78, 128.39, 127.89, 127.37, 126.66, 126.21, 124.85, 122.87, 119.67, 112.06, 87.46, 
80.72, 77.88, 56.39. 
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HPLC analysis: 42% ee (Chiralpak AD-H, 96:4 Hexanes/isopropanol, 0.5 mL/min, 254 nm, 
major Rt = 57.4 min, minor Rt = 46.4 min). 







(R)-naphthalen-2-yl(thiophen-3-yl)methyl 3-phenylpropiolate ((R)-3.35b)  
Yellow oil isolated from flash chromatography using: 19:1 hexanes:EtOAc as eluent: 
1H NMR (500 MHz, CDCl3): δ 7.93 (d, J = 1.6 Hz, 1H), 7.86 (d, J = 8.4 Hz, 3H), 7.65 – 7.56 (m, 
2H), 7.55 – 7.48 (m, 3H), 7.46 (s, 1H), 7.38 (t, J = 7.5 Hz, 2H), 7.31 (d, J = 5.0 Hz, 1H), 7.29 (d, 
J = 1.2 Hz, 1H), 7.23 (s, 1H), 7.08 (dd, J = 5.0, 1.4 Hz, 1H). 
13C NMR (126 MHz, CDCl3): δ 153.42, 140.50, 136.39, 133.36, 133.26, 133.24, 130.92, 128.76, 
128.71, 128.40, 127.90, 127.02, 126.63, 126.61, 126.59, 126.47, 125.04, 123.98, 119.72, 87.28, 
80.79, 75.30. 
HRMS calcd for C24H16O3Na [M+Na] 375.0997 found 375.0999. 
HPLC analysis: 72% ee (Chiralpak AD-H, 96:4 Hexanes/isopropanol, 0.5 mL/min, 254 nm, minor 





(R)-furan-3-yl(naphthalen-2-yl)methyl 3-phenylpropiolate ((R)-3.36b) 
145 
 
White solid isolated from flash chromatography using: 19:1 hexanes:EtOAc as eluent. 
[α]D25 = +115.4 (c .00078, DCM). 
1H NMR (500 MHz, CDCl3): δ 7.95 (d, J = 1.7 Hz, 1H), 7.92 – 7.81 (m, 3H), 7.64 – 7.57 (m, 2H), 
7.55 (dd, J = 8.6, 1.8 Hz, 1H), 7.53 – 7.49 (m, 2H), 7.48 – 7.43 (m, 1H), 7.42 (t, J = 1.7 Hz, 1H), 
7.40 – 7.35 (m, 3H), 7.12 (s, 1H), 6.45 – 6.39 (m, 1H). 
13C NMR (126 MHz, CDCl3): δ 153.45, 143.81, 141.53, 135.89, 133.40, 133.23, 130.92, 128.76, 
128.70, 128.39, 127.90, 126.65, 126.60, 126.39, 124.92, 119.70, 109.92, 80.75, 72.39.  
HRMS calcd for C24H16O3Na [M+Na] 375.0997, found 375.0984. 
HPLC analysis: 75% ee (Chiralpak AD-H, 97:3 Hexanes/isopropanol, 0.5 mL/min, 254 nm, minor 






t-butyl (S)-3-(phenyl((3-phenylpropioloyl)oxy)methyl)-1H-indole-1-carboxylate ((S)-3.37b) 
Colorless oil isolated from flash chromatography using: 97:3 hexanes:EtOAc as eluent. 
[α]D25 =  -28 (c .0013, DCM). 
1H NMR (500 MHz, CDCl3): δ 8.12 (d, J = 8.4 Hz, 1H), 7.62 – 7.54 (m, 3H), 7.54 – 7.49 (m, 2H), 
7.48 – 7.42 (m, 2H), 7.38 (ddd, J = 8.0, 3.4, 1.4 Hz, 3H), 7.36 – 7.32 (m, 2H), 7.31 (d, J = 7.7 Hz, 
1H), 7.28 (s, 1H), 7.21 (q, J = 7.6, 6.4 Hz, 1H), 1.67 (d, J = 1.4 Hz, 9H). 
13C NMR (126 MHz, CDCl3): δ 153.52, 149.81, 138.19, 135.92, 133.25, 132.84, 130.89, 128.81, 
128.74, 128.68, 127.44, 125.41, 124.93, 123.05, 120.16, 119.73, 119.34, 115.55, 87.26, 84.33, 
80.72, 72.88, 28.35. 
HRMS calcd for C29H25NO4Na [M+Na] 474.1681, found 474.1683. 
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HPLC analysis: 87% ee (Chiralpak AD-H, 98:2 Hexanes/isopropanol, 0.5 mL/min, 254 nm, major 








(S)-naphthalen-2-yl(phenyl)methyl but-2-ynoate ((S)-3.44b) 
White solid isolated from flash chromatography using: 19:1 hexanes:EtOAc as eluent.  
[α]D25 =  +28.8 (c .0029, DCM).  
1H NMR (400 MHz, CDCl3): δ 7.88 – 7.77 (m, 4H), 7.52 – 7.45 (m, 2H), 7.45 – 7.38 (m, 3H), 
7.35 (s, 2H), 7.33 – 7.27 (m, 1H), 7.09 (s, 1H), 2.01 (s, 3H). 
13C NMR (126 MHz, CDCl3): δ 153.04, 139.45, 136.87, 133.23, 133.19, 128.77, 128.66, 128.36, 
127.85, 127.46, 126.52, 126.35, 125.05, 86.63, 78.54, 72.64, 4.13. 
HRMS calcd for C21H16O2Li [M+Li] 307.1310, found 307.1305. 
HPLC analysis: 92% ee (Chiralpak AD-H, 97:3 Hexanes/isopropanol, 0.5 mL/min, 254 nm, minor 







(S)-naphthalen-1-yl(phenyl)methyl hex-2-ynoate ((S)-3.46b) 
White solid isolated from flash chromatography using: 97:3 hexanes:EtOAc as eluent.  
[α]D25 =  +28.2 (c .00078, DCM). 
147 
 
1H NMR (400 MHz, CDCl3): 0.75, 129.26, 128.97, 128.74, 128.39, 127.77, 126.66, 125.95, 
125.79, 125.37, 123.96, 90.68, 75.92, 73.35, 21.21, 20.90, 13.70.  
13C NMR (126 MHz, CDCl3): δ 153.22, 139.10, 134.67, 134.05, 130.75, 129.26, 128.97, 128.74, 
128.39, 127.77, 126.66, 125.95, 125.79, 125.37, 123.96, 90.68, 75.92, 73.35, 21.21, 20.90, 13.70. 
HRMS calcd for C23H20O2Li [M+Li] 335.1623, found 335.1644.  
HPLC analysis: 93% ee (Chiralpak AD-H, 98:2 Hexanes/isopropanol, 0.5 mL/min, 254 nm, major 







(S)-naphthalen-1-yl(phenyl)methyl 3-(p-tolyl) ((S)-3.47b) 
White solid isolated from flash chromatography using: 97:3 hexanes:EtOAc as eluent.  
[α]D25 =  +78.7 (c .0028, DCM). 
1H NMR (500 MHz, CDCl3): δ 8.03 – 7.95 (m, 1H), 7.87 (t, J = 7.4 Hz, 2H), 7.74 (s, 1H), 7.66 
(dt, J = 7.0, 1.0 Hz, 1H), 7.55 – 7.50 (m, 1H), 7.50 – 7.45 (m, 4H), 7.44 – 7.40 (m, 2H), 7.34 (dt, 
J = 14.2, 7.0 Hz, 3H), 7.17 (d, J = 8.1 Hz, 2H), 2.38 (s, 3H).  
13C NMR (126 MHz, CDCl3): δ 153.58, 141.58, 139.05, 134.62, 134.07, 133.26, 130.78, 129.54, 
129.32, 129.00, 128.79, 128.48, 127.85, 126.72, 125.99, 125.84, 125.41, 123.97, 116.61, 87.88, 
80.50, 76.15, 21.93.  
HRMS calcd for C27H20O2 [M+] 376.1463, found 376.1453. 
HPLC analysis: 91% ee (Chiralcel OD-H, 97:3 Hexanes/isopropanol, 0.5 mL/min, 254 nm, major 










White solid isolated from flash chromatography using: 19:1 hexanes:EtOAc as eluent. 
 [α]D25 =  +78.1 (c .0092, DCM). 
1H NMR (500 MHz, CDCl3): δ 8.06 – 7.97 (m, 1H), 7.92 – 7.82 (m, 2H), 7.74 (s, 1H), 7.65 (dt, J 
= 7.2, 1.1 Hz, 1H), 7.58 – 7.45 (m, 5H), 7.45 – 7.39 (m, 2H), 7.38 – 7.27 (m, 3H), 6.93 – 6.81 (m, 
2H), 3.83 (s, 3H). 
13C NMR (126 MHz, CDCl3): δ 161.74, 153.71, 139.10, 135.23, 134.67, 134.06, 130.79, 129.30, 
128.99, 128.78, 128.45, 127.85, 126.70, 125.98, 125.83, 125.41, 123.97, 114.45, 111.50, 88.21, 
80.31, 76.05, 55.58.  
HRMS calcd for C27H20O3Na [M+Na] 415.1310, found 415.1308.  
HPLC analysis: 86% ee (Chiralcel OD-H, 98:2 Hexanes/isopropanol, 0.5 mL/min, 254 nm, major 








(S)-naphthalen-1-yl(phenyl)methyl 3-(4-fluorophenyl)propiolate ((S)-3.49b) 
White solid isolated from flash chromatography using: 97:3 hexanes:EtOAc as eluent. 
[α]D25 =  +60.3 (c .006, DCM). 
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1H NMR (400 MHz, CDCl3): δ 8.04 – 7.95 (m, 1H), 7.88 (ddt, J = 7.9, 5.6, 3.0 Hz, 2H), 7.74 (s, 
1H), 7.65 (d, J = 7.1 Hz, 1H), 7.59 (ddd, J = 8.9, 5.1, 2.4 Hz, 2H), 7.55 – 7.45 (m, 3H), 7.42 (dt, J 
= 5.8, 1.6 Hz, 2H), 7.39 – 7.30 (m, 3H), 7.07 (td, J = 9.0, 2.3 Hz, 2H). 
13C NMR (126 MHz, CDCl3): δ 164.13 (d, J = 253.5 Hz), 153.34, 138.92, 135.53 (d, J = 8.9 Hz), 
134.49, 134.07, 130.75, 129.39, 129.03, 128.82, 128.54, 127.83, 126.75, 126.02, 125.84, 125.40, 
123.91, 116.31 (d, J = 22.6 Hz), 115.85 (d, J = 3.5 Hz), 86.24, 80.72, 76.33. 
HRMS calcd for C26H21FO2N [M+NH4] 398.1556, found 398.1548. 
HPLC analysis: 91% ee (Chiralcel OD-H, 98:2 Hexanes/isopropanol, 0.5 mL/min, 254 nm, major 
Rt = 25.0 min, minor Rt = 34.5 min). 
 
 









Yellow solid isolated from flash chromatography using: 49:1 hexanes:EtOAc as eluent. 
[α]D25 =  +30.4 (c .00046, DCM). 
1H NMR (400 MHz, CDCl3): δ 8.19 – 8.07 (m, 1H), 7.85 (dd, J = 6.3, 3.3 Hz, 1H), 7.79 (d, J = 
8.2 Hz, 1H), 7.67 (d, J = 1.1 Hz, 1H), 7.44 (td, J = 6.8, 3.4 Hz, 7H), 7.33 – 7.24 (m, 5H), 7.22 (d, 
J = 4.6 Hz, 1H), 5.91 (s, 1H). 
13C NMR (126 MHz, CDCl3): δ 141.21, 137.04, 134.32, 131.86, 131.19, 128.99, 128.75, 128.37, 




HRMS calcd for C25H18Li [M+Li] 325.1569, found 325.1578.  
HPLC analysis: 88% ee (Chiralcel OD-H, 95:5 Hexanes/isopropanol, 0.5 mL/min, 254 nm, minor 








White solid isolated from flash chromatography using: 97:3 hexanes:EtOAc as eluent. 
[α]D25 =  +46.2 (c .00026, DCM).  
1H NMR (500 MHz, CDCl3): δ 8.19 (d, J = 8.0 Hz, 1H), 7.92 – 7.82 (m, 1H), 7.78 (d, J = 8.1 Hz, 
1H), 7.73 (d, J = 7.1 Hz, 1H), 7.46 (dddd, J = 14.4, 12.5, 6.4, 1.6 Hz, 6H), 7.27 (dd, J = 5.0, 1.9 
Hz, 3H), 7.25 – 7.22 (m, 1H), 6.98 – 6.87 (m, 2H), 6.37 (s, 1H), 3.87 (s, 3H). 
13C NMR (126 MHz, CDCl3): δ 156.27, 137.40, 134.11, 131.89, 131.37, 129.80, 129.64, 128.82, 
128.29, 127.93, 127.82, 126.19, 125.90, 125.65, 125.60, 124.11, 123.95, 121.01, 110.98, 90.95, 
84.15, 55.89, 33.43. 
HRMS calcd for C26H20ONa [M+Na] 371.1412, found 371.1406. 
HPLC analysis: 64% ee (Chiralpak AD-H, 99:1 Hexanes/isopropanol, 0.2 mL/min, 254 nm, 







Yellow oil isolated from flash chromatography using: 97:3 hexanes:EtOAc as eluent.  
[α]D25 = -40.4 (c .00052, DCM).  
1H NMR (400 MHz, CDCl3): δ 8.14 (s, 1H), 7.94 – 7.84 (m, 1H), 7.81 (d, J = 8.2 Hz, 1H), 7.70 
(dd, J = 7.3, 1.3 Hz, 1H), 7.55 – 7.38 (m, 5H), 7.28 (td, J = 3.3, 1.6 Hz, 3H), 7.22 (d, J = 7.9 Hz, 
1H), 7.13 – 6.98 (m, 2H), 6.82 – 6.70 (m, 1H), 5.90 (s, 1H), 3.76 (d, J = 1.1 Hz, 3H). 
13C NMR (126 MHz, CDCl3): δ 159.92, 142.81, 136.89, 134.32, 131.86, 131.21, 129.69, 128.98, 
128.37, 128.29, 128.14, 126.88, 126.31, 125.78, 125.68, 124.33, 123.68, 120.67, 114.35, 112.09, 
90.31, 85.44, 55.36, 40.94. 
HRMS calcd for C26H20ONa [M+Na] 371.1412, found 371.1411.  
HPLC analysis: 96% ee (Chiralpak AD-H, 99:1 Hexanes/isopropanol, 0.2 mL/min, 254 nm, major 









Yellow oil isolated from flash chromatography using: 49:1 hexanes:EtOAc as eluent.  
[α]D25 =  -23.1 (c .0011, DCM). 
1H NMR (400 MHz, CDCl3): δ 7.96 – 7.88 (m, 1H), 7.87 – 7.75 (m, 3H), 7.55 – 7.39 (m, 7H), 
7.37 – 7.29 (m, 3H), 7.09 – 6.95 (m, 2H), 5.37 (s, 1H). 
13C NMR (126 MHz, CDCl3): δ 162.01 (d, J = 245.7 Hz), 139.07, 137.44 (d, J = 2.9 Hz), 133.58, 
132.66, 131.89, 129.73 (d, J = 8.1 Hz), 128.75, 128.47, 128.34, 128.08, 127.84, 126.46, 126.42, 
126.33, 126.13, 123.45, 115.63 (d, J = 21.1 Hz), 89.95, 85.65, 43.31. 
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HRMS calcd for C25H17FNa [M+Na] – 359.1212, found 359.1214. 
HPLC analysis: 96% ee (Chiralpak AD-H, 99:1 Hexanes/isopropanol, 0.2 mL/min, 254 nm, major 








Yellow oil isolated from flash chromatography using: 49:1 hexanes:EtOAc as eluent.  
[α]D25 =  +6.3 (c .00254, DCM).  
1H NMR (400 MHz, CDCl3): δ 7.93 (d, J = 1.7 Hz, 1H), 7.87 – 7.73 (m, 3H), 7.50 (dd, J = 5.7, 
2.2 Hz, 3H), 7.48 – 7.44 (m, 2H), 7.38 (d, J = 8.1 Hz, 2H), 7.32 (dd, J = 5.0, 1.8 Hz, 3H), 7.14 (d, 
J = 7.9 Hz, 2H), 5.35 (s, 1H), 2.33 (s, 3H). 
13C NMR (126 MHz, CDCl3): δ 139.48, 138.76, 136.79, 133.61, 132.61, 131.90, 129.52, 128.60, 
128.42, 128.17, 128.09, 128.07, 127.80, 126.50, 126.36, 126.31, 125.95, 123.72, 90.44, 85.26, 
43.67, 21.24. 
HRMS calcd for C26H20Na [M+Na] 355.1463, found 355.1457. 
HPLC analysis : 96% ee (Chiralcel OD, 99.6:0.4 Hexanes/isopropanol, 0.2 mL/min, 254 nm, 












Yellow solid isolated from flash chromatography using: 49:1 hexanes:EtOAc as eluent.  
[α]D25 =  -23.4 (c .00064, DCM). 
1H NMR (400 MHz, CDCl3): δ 7.92 (d, J = 1.6 Hz, 1H), 7.80 (m, 3H), 7.53 – 7.48 (m, 3H), 7.47 
(d, J = 2.3 Hz, 2H), 7.43 – 7.38 (m, 2H), 7.34 – 7.30 (m, 3H), 7.25 – 7.20 (m, 2H), 5.34 (s, 1H), 
2.47 (s, 3H).  
13C NMR (126 MHz, CDCl3): δ 139.12, 138.65, 137.20, 133.59, 132.64, 131.89, 128.69, 128.67, 
128.45, 128.27, 128.08, 127.82, 127.08, 126.41, 126.05, 123.56, 90.04, 85.49, 43.53, 16.12. 
HRMS for C26H19S [M-H] 363.1207, found 363.1209. 
HPLC analysis: 96% ee (Chiralpak AD-H, 98:2 Hexanes/isopropanol, 0.5 mL/min, 254 nm, major 











Colorless oil isolated from flash chromatography using: 49:1 hexanes:EtOAc as eluent. 
[α]D25 = -291.7 (c .00012, DCM).  
1H NMR (400 MHz, CDCl3): δ 7.95 (d, J = 1.7 Hz, 1H), 7.84 (dd, J = 7.7, 1.6 Hz, 1H), 7.82 – 
7.77 (m, 2H), 7.56 – 7.49 (m, 3H), 7.46 (s, 2H), 7.42 (d, J = 8.4 Hz, 2H), 7.36 (s, 1H), 7.34 (d, J 
= 2.0 Hz, 1H), 7.32 (dd, J = 5.1, 1.8 Hz, 3H), 5.36 (s, 1H), 1.30 (s, 9H).  
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13C NMR (126 MHz, CDCl3): δ 149.96, 139.45, 138.65, 133.63, 132.62, 131.91, 128.57, 128.42, 
128.16, 128.09, 127.81, 127.74, 126.57, 126.41, 126.31, 125.95, 125.76, 123.74, 90.52, 85.14, 
43.64, 31.53.  
HRMS calcd for C29H26Na [M+Na] 397.1932, found 397.1931.  
HPLC analysis: 96% ee (Chiralpak AD-H, 99.7:0.3 Hexanes/isopropanol, 0.2 mL/min, 254 nm, 








Yellow oil isolated from flash chromatography using: 49:1 hexanes:EtOAc as eluent. 
[α]D25 = -44.4 (c .00018, DCM).  
1H NMR (400 MHz, CDCl3): δ 7.92 (d, J = 1.6 Hz, 1H), 7.85 – 7.74 (m, 3H), 7.49 (ddd, J = 7.0, 
4.0, 1.8 Hz, 5H), 7.45 (s, 1H), 7.36 – 7.27 (m, 5H), 7.24 (d, J = 7.0 Hz, 2H), 5.37 (s, 1H). 
13C NMR (126 MHz, CDCl3) : δ 141.68, 139.29, 133.61, 132.64, 131.91, 128.83, 128.63, 128.44, 
128.21, 128.10, 127.81, 127.16, 126.51, 126.46, 126.36, 126.01, 123.64, 90.22, 85.43, 44.06.  
HRMS calcd for C25H17 [M-H] 317.1330, found 317.1328.  
HPLC analysis: 89% ee (Chiralcel OD-H, 95:5 Hexanes/isopropanol, 0.5 mL/min, 254 nm, major 











 (R)-2-(3-phenyl-1-(m-tolyl)prop-2-yn-1-yl)naphthalene ((R)-3.30c) 
Yellow oil isolated from flash chromatography using: 49:1 hexanes:EtOAc as eluent.  
[α]D25 = -8.3 (c .00084, DCM). 
1H NMR (400 MHz, CDCl3): δ 7.94 (s, 1H), 7.80 (m, 3H), 7.51 (tt, J = 4.9, 2.6 Hz, 3H), 7.46 (ddd, 
J = 7.3, 5.0, 1.9 Hz, 2H), 7.31 (dd, J = 9.0, 6.5 Hz, 5H), 7.23 (d, J = 7.4 Hz, 1H), 7.06 (d, J = 7.6 
Hz, 1H), 5.34 (s, 1H), 2.33 (s, 3H). 
13C NMR (126 MHz, CDCl3): δ 141.60, 139.38, 138.50, 133.61, 132.69, 132.62, 131.91, 128.92, 
128.71, 128.59, 128.42, 128.19, 128.11, 127.95, 127.81, 126.54, 126.40, 126.32, 125.97, 125.28, 
123.71, 90.37, 85.33, 44.00, 21.69. 
HRMS for C26H19 [M-H] 331.1487, found 331.1488. 
HPLC analysis: 91% ee (Chiralpak AD-H, 99:1 Hexanes/isopropanol, 0.2 mL/min, 254 nm, major 







(S)-2-(1-(4-chlorophenyl)-3-phenylprop-2-yn-1-yl)naphthalene ((S)-3.28c)  
Yellow oil isolated from flash chromatography using: 49:1 hexanes:EtOAc as eluent. 
[α]D25 = -84.6 (c .00026, DCM). 
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1H NMR (400 MHz, CDCl3): δ 7.91 (d, J = 1.9 Hz, 1H), 7.86 – 7.76 (m, 3H), 7.53 – 7.45 (m, 5H), 
7.43 (d, J = 1.9 Hz, 1H), 7.41 (d, J = 2.4 Hz, 1H), 7.32 (q, J = 2.8, 2.1 Hz, 4H), 7.30 – 7.27 (m, 
1H), 5.35 (s, 1H).  
13C NMR (126 MHz, CDCl3): δ 140.22, 138.75, 133.57, 133.01, 132.68, 131.89, 129.57, 128.94, 
128.80, 128.38, 128.08, 127.84, 126.49, 126.28, 126.17, 123.38, 89.64, 85.79, 43.45. 
HRMS for C25H16Cl [M-H] 351.0941, found 351.0940.  
HPLC analysis: 96% ee (Chiralpak AD-H, 99.6:0.4 Hexanes/isopropanol, 0.2 mL/min, 254 nm, 










Yellow oil isolated from flash chromatography using: 97:3 hexanes:EtOAc as eluent. 
[α]D25 = -127.3 (c .00022, DCM)  
1H NMR (400 MHz, CDCl3): δ 7.88 – 7.83 (m, 1H), 7.72 (d, J = 8.9 Hz, 1H), 7.68 (d, J = 8.5 Hz, 
1H), 7.53 – 7.43 (m, 5H), 7.37 – 7.28 (m, 5H), 7.24 (d, J = 2.0 Hz, 1H), 7.17 – 7.07 (m, 2H), 5.35 
(s, 1H), 3.90 (s, 3H).  
13C NMR (126 MHz, CDCl3): δ 157.83, 141.89, 137.02, 133.73, 131.90, 129.56, 129.03, 128.79, 
128.42, 128.18, 127.48, 127.09, 127.00, 126.30, 123.69, 119.11, 105.83, 90.43, 85.27, 55.49, 
43.87.  
HRMS calcd for C26H19O [M-H] 347.1436, found 347.1434.  
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HPLC analysis: 96% ee (Chiralpak AD-H, 98:2 Hexanes/isopropanol, 0.5 mL/min, 254 nm, major 










Yellow oil isolated from flash chromatography using: 97:3 hexanes:EtOAc as eluent. 
1H NMR (500 MHz, CDCl3): δ 8.18 – 8.07 (m, 1H), 7.91 – 7.85 (m, 1H), 7.81 (d, J = 8.2 Hz, 1H), 
7.72 (d, J = 7.1 Hz, 1H), 7.55 – 7.38 (m, 5H), 7.31 – 7.27 (m, 3H), 6.94 (dd, J = 7.9, 1.8 Hz, 1H), 
6.91 (d, J = 1.8 Hz, 1H), 6.74 (d, J = 8.1 Hz, 1H), 5.92 (q, J = 1.4 Hz, 2H), 5.84 (s, 1H). 
13C NMR (126 MHz, CDCl3): δ 147.99, 146.62, 136.98, 135.20, 134.34, 131.85, 131.11, 129.01, 
128.38, 128.34, 128.17, 126.75, 126.31, 125.80, 125.68, 124.30, 123.62, 121.32, 108.80, 108.37, 
101.23, 90.44, 85.46, 29.89. 
HPLC analysis: 27% ee (Chiralpak AD-H, 98:2 Hexanes/isopropanol, 0.5 mL/min, 254 nm, major 
Rt = 21.9 min, minor Rt = 27.0 min). 










Yellow oil isolated from flash chromatography using: 97:3 hexanes:EtOAc as eluent. 
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1H NMR (400 MHz, CDCl3) δ 7.91 (d, J = 1.9 Hz, 1H), 7.87 – 7.77 (m, 3H), 7.56 – 7.41 (m, 6H), 
7.39 – 7.29 (m, 4H), 6.89 (d, J = 8.5 Hz, 1H), 5.30 (d, J = 1.9 Hz, 1H), 3.88 (s, 3H). 
 13C NMR (126 MHz, CDCl3) δ 154.15, 138.91, 134.91, 133.58, 132.68, 131.91, 129.95, 128.78, 
128.47, 128.36, 128.10, 127.84, 127.41, 126.46, 126.41, 126.31, 126.13, 123.43, 122.67, 112.24, 
89.73, 85.71, 56.38, 43.00. 
HPLC analysis: 63% ee (Chiralpak AD-H, 99:1 Hexanes/isopropanol, 0.5 mL/min, 254 nm, major 
Rt = 45.9 min, minor Rt = 38.4 min). 









Yellow oil isolated from flash chromatography using: 49:1 hexanes:EtOAc as eluent.  
[α]D25 = -37.5 (c .00032, DCM). 
1H NMR (400 MHz, CDCl3): δ 7.91 (d, J = 1.8 Hz, 1H), 7.83 (s, 2H), 7.81 (d, J = 3.2 Hz, 1H), 
7.54 (dd, J = 8.6, 1.8 Hz, 1H), 7.50 (dd, J = 3.2, 1.7 Hz, 1H), 7.49 – 7.47 (m, 2H), 7.47 – 7.43 (m, 
1H), 7.35 – 7.29 (m, 3H), 7.27 (s, 1H), 7.26 (s, 1H), 7.09 – 7.03 (m, 1H), 5.41 (s, 1H). 
13C NMR (126 MHz, CDCl3): δ 142.23, 138.69, 133.63, 132.74, 131.90, 128.68, 128.45, 128.27, 
128.08, 127.84, 127.72, 126.40, 126.32, 126.06, 123.54, 122.02, 89.98, 84.55, 39.72. 
HRMS calcd for C23H16S [M+] 324.0973, found 324.0979. 
HPLC analysis: 96% ee (Chiralcel OD-H, 98:2 Hexanes/isopropanol, 0.5 mL/min, 254 nm, major 











Yellow oil isolated from flash chromatography using: 49:1 hexanes:EtOAc as eluent. 
[α]D25 = -17.9 (c .0014, DCM).  
1H NMR (500 MHz, CDCl3): δ 7.92 (d, J = 1.7 Hz, 1H), 7.85 (dd, J = 7.6, 4.7 Hz, 3H), 7.57 (dd, 
J = 8.6, 1.9 Hz, 1H), 7.49 (qt, J = 4.0, 2.0 Hz, 4H), 7.46 (s, 1H), 7.38 (t, J = 1.8 Hz, 1H), 7.32 (p, 
J = 3.8, 3.2 Hz, 3H), 6.37 (d, J = 1.7 Hz, 1H), 5.25 (s, 1H).  
13C NMR (126 MHz, CDCl3): δ 143.61, 140.08, 138.27, 133.61, 132.78, 131.90, 128.67, 128.45, 
128.28, 128.07, 127.84, 126.60, 126.39, 126.30, 126.29, 126.08, 123.47, 110.51, 89.55, 83.82, 
35.19.  
HRMS calcd for C23H16O [M+] 308.1201, found 308.1202.  
HPLC analysis: 96% ee (Chiralpak AD-H, 99:1 Hexanes/isopropanol, 0.5 mL/min, 254 nm, major 







t-butyl (R)-3-(1,3-diphenylprop-2-yn-1-yl)-1H-indole-1-carboxylate ((R)-3.37c) 
Yellow oil isolated from flash chromatography using: 49:1 hexanes:EtOAc as eluent.  
[α]D25 =  -26.6 (c .0047, DCM).  
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1H NMR (400 MHz, CDCl3): δ 8.11 (d, J = 8.4 Hz, 1H), 7.60 (s, 1H), 7.57 – 7.50 (m, 3H), 7.46 
(ddd, J = 5.4, 2.9, 1.7 Hz, 2H), 7.38 – 7.31 (m, 2H), 7.32 – 7.27 (m, 5H), 7.19 – 7.13 (m, 1H), 5.38 
(s, 1H), 1.67 (s, 9H). 
13C NMR (126 MHz, CDCl3): δ 149.97, 140.09, 136.08, 131.87, 128.82, 128.40, 128.20, 128.08, 
127.32, 124.61, 124.10, 123.55, 122.68, 121.32, 120.10, 115.49, 89.36, 84.19, 83.92, 35.51, 28.38.  
HRMS calcd for C28H25NO2 [M+] 407.1885, found 407.1882.  
HPLC analysis: Boc group removed substrate (S3.22_cʹ) was subjected to the HPLC separation 
due to the difficulty in separating (S3.22cʹ).  
 
 





Dark brown oil isolated from flash chromatography using: 97:3 hexanes:EtOAc as eluent. 
1H NMR (500 MHz, CDCl3): δ 8.20 (d, J = 8.1 Hz, 1H), 7.59 (d, J = 5.2 Hz, 1H), 7.54 (q, J = 6.9, 
5.6 Hz, 3H), 7.47 (dt, J = 7.0, 3.5 Hz, 2H), 7.35 (q, J = 8.9, 8.2 Hz, 3H), 7.30 (q, J = 6.1, 4.7 Hz, 
4H), 7.23 (d, J = 7.2 Hz, 1H), 5.38 (d, J = 4.7 Hz, 1H).   
13C NMR (126 MHz, CDCl3): δ 155.68, 139.65, 136.14, 131.91, 129.59, 128.93, 128.67, 128.43, 
128.31, 128.12, 127.51, 125.33, 123.67, 123.38, 120.36, 115.88, 88.89, 84.42, 35.56.  
HRMS calcd for C23H17N [M+] 307.1361, found 307.1369.  
HPLC analysis: 96% ee (Chiralpak AD-H, 94:6 Hexanes/isopropanol, 0.5 mL/min, 254 nm, major 










Yellow oil isolated from flash chromatography using: 49:1 hexanes:EtOAc as eluent  
[α]D25 = -9.9 (c .00142, DCM). 
1H NMR (400 MHz, CDCl3): δ 7.89 (d, J = 1.7 Hz, 1H), 7.83 (s, 1H), 7.83 – 7.75 (m, 2H), 7.53 – 
7.40 (m, 5H), 7.33 (t, J = 7.6 Hz, 2H), 7.24 (s, 1H), 5.15 (q, J = 2.2 Hz, 1H), 1.98 (d, J = 2.6 Hz, 
3H).  
13C NMR (126 MHz, CDCl3): δ 142.27, 139.85, 133.59, 132.55, 128.70, 128.47, 128.13, 128.05, 
127.77, 126.96, 126.54, 126.28, 126.25, 125.87, 81.04, 79.73, 43.56, 4.07.  
HRMS calcd for C20H16 [M+] 256.1252, found 256.1255.  
HPLC analysis: 96% ee (Chiralcel OD-H, 99:1 Hexanes/isopropanol, 0.2 mL/min, 254 nm, major 







Yellow oil isolated from flash chromatography using: 49:1 hexanes:EtOAc as eluent.  
1H NMR (500 MHz, CDCl3): δ 8.11 – 8.04 (m, 1H), 7.87 – 7.81 (m, 1H), 7.76 (d, J = 8.2 Hz, 1H), 
7.61 (dd, J = 7.0, 1.1 Hz, 1H), 7.47 – 7.41 (m, 3H), 7.40 – 7.34 (m, 2H), 7.26 (dd, J = 8.4, 6.8 Hz, 
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2H), 7.22 – 7.15 (m, 1H), 5.67 (d, J = 2.5 Hz, 1H), 2.23 (td, J = 7.0, 2.3 Hz, 2H), 1.62 – 1.48 (m, 
2H), 0.97 (t, J = 7.4 Hz, 3H). 
13C NMR (126 MHz, CDCl3): δ 141.96, 137.81, 134.26, 131.17, 128.90, 128.60, 128.10, 128.01, 
126.78, 126.68, 126.10, 125.66, 125.64, 124.47, 85.65, 80.93, 40.42, 22.56, 21.21, 13.78.  
HRMS calcd for C22H20Na [M+Na] 307.1463, found 307.1460.  
HPLC analysis: 96% ee (Chiralpak AD-H, 99:1 Hexanes/isopropanol, 0.2 mL/min, 254 nm, major 









Yellow oil isolated from flash chromatography using: 49:1 hexanes:EtOAc as eluent.  
[α]D25 = -53.3 (c .0003, DCM).  
1H NMR (400 MHz, CDCl3): δ 8.14 (dt, J = 7.0, 3.6 Hz, 1H), 7.87 (dt, J = 6.9, 3.4 Hz, 1H), 7.81 
(d, J = 8.3 Hz, 1H), 7.70 (d, J = 7.1 Hz, 1H), 7.52 – 7.41 (m, 5H), 7.38 – 7.28 (m, 5H), 7.22 (d, J 
= 76 Hz, 1H), 7.09 (d, J = 7.9 Hz, 2H), 5.92 (s, 1H), 2.33 (s, 3H).  
13C NMR (126 MHz, CDCl3): δ 141.35, 138.17, 137.18, 134.31, 131.72, 131.20, 129.12, 128.97, 
128.72, 128.22, 128.19, 126.99, 126.90, 126.27, 125.76, 125.69, 124.39, 120.61, 89.67, 85.50, 
40.96, 21.63. 
HRMS calcd for C26H20Na [M+Na] 355.1463, found 355.1459.  
HPLC analysis: 96% ee (Chiralpak AD-H, 99:1 Hexanes/isopropanol, 0.5 mL/min, 254 nm, major 












Yellow solid isolated from flash chromatography using: 97:3 hexanes:EtOAc as eluent. 
[α]D25 = +43.2 (c .00074, DCM).  
1H NMR (400 MHz, CDCl3): δ 8.16 (dd, J = 6.3, 3.4 Hz, 1H), 7.88 (dd, J = 6.2, 3.4 Hz, 1H), 7.81 
(d, J = 8.1 Hz, 1H), 7.71 (dd, J = 7.4, 1.2 Hz, 1H), 7.47 (dt, J = 6.3, 3.2 Hz, 5H), 7.43 – 7.37 (m, 
2H), 7.35 – 7.28 (m, 2H), 7.25 – 7.19 (m, 1H), 6.88 – 6.76 (m, 2H), 5.92 (s, 1H), 3.80 (s, 3H).  
13C NMR (126 MHz, CDCl3): δ 159.49, 141.42, 137.26, 134.31, 133.22, 131.20, 128.96, 128.71, 
128.18, 126.97, 126.88, 126.25, 125.75, 125.68, 124.40, 115.84, 113.97, 88.91, 85.23, 55.44, 
40.96.  
HRMS calcd for C26H20O [M+] 348.1514, found 348.1519.  
HPLC analysis: 96% ee (Chiralpak AD-H, 99:1 Hexanes/isopropanol, 0.5 mL/min, 254 nm, major 










Yellow oil isolated from flash chromatography using: 49:1 hexanes:EtOAc as eluent.  
[α]D25 = -24 (c .0005, DCM).  
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1H NMR (400 MHz, CDCl3): δ 8.19 – 8.07 (m, 1H), 7.91 – 7.85 (m, 1H), 7.81 (d, J = 8.1 Hz, 1H), 
7.67 (d, J = 7.0 Hz, 1H), 7.46 (ddt, J = 12.9, 8.0, 4.1 Hz, 8H), 7.35 – 7.28 (m, 3H), 6.99 (d, J = 8.8 
Hz, 2H), 5.91 (s, 1H).  
13C NMR (126 MHz, CDCl3): δ 162.49 (d, J = 248.9 Hz), 141.09, 136.92, 133.69 (d, J = 8.2 Hz), 
131.16, 130.61, 129.02, 128.79, 128.33, 128.16, 127.10, 126.86, 126.33, 125.82, 125.68, 124.30, 
119.74 (d, J = 3.6 Hz), 115.61 (d, J = 21.8 Hz), 90.10, 84.35, 40.89.  
HRMS calcd for C25H18F [M+H] 337.1393, found 337.1404.  
HPLC analysis: 96% ee (Chiralpak AD-H, 98:2 Hexanes/isopropanol, 0.5 mL/min, 254 nm, major 










Colorless oil isolated from flash chromatography using: 49:1 hexanes:EtOAc as eluent.  
1H NMR (400 MHz, CDCl3): δ 7.78 (d, J = 11.0 Hz, 2H), 7.76 – 7.70 (m, 2H), 7.44 (td, J = 7.5, 
1.5 Hz, 2H), 7.38 – 7.32 (m, 1H), 7.32 – 7.28 (m, 5H), 7.26 (s, 1H), 7.23 – 7.12 (m, 4H), 4.09 (t, 
J = 7.6 Hz, 1H), 2.62 (t, J = 7.7 Hz, 2H), 2.57 – 2.41 (m, 2H). 
13C NMR (126 MHz, CDCl3): δ 144.86, 142.40, 142.27, 133.71, 132.34, 128.69, 128.65, 128.55, 
128.33, 128.19, 127.89, 127.75, 126.91, 126.43, 126.15, 126.12, 126.02, 125.60, 50.85, 37.28, 
34.29. 
HRMS calcd for C25H21 [M-H] 321.1643, found 321.1648.  
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HPLC analysis: 78% ee (Chiralpak AD-H, 99:1 Hexanes/isopropanol, 0.2 mL/min, 254 nm, major 






              
4,4-diphenylbutan-2-one (3.55c) 
Yellow oil isolated from flash chromatography using: 97:3 hexanes:EtOAc as eluent.  
1H NMR (500 MHz, CDCl3): δ 7.29 – 7.22 (m, 4H), 7.22 – 7.17 (m, 4H), 7.15 (dd, J = 7.0, 1.6 
Hz, 2H), 4.56 (t, J = 7.4 Hz, 1H), 3.15 (d, J = 7.5 Hz, 2H), 2.04 (d, J = 2.3 Hz, 3H). 
13C NMR (126 MHz, CDCl3): δ 207.03, 143.99, 128.74, 127.85, 126.60, 49.81, 46.17, 30.82. 
HRMS calcd for C16H16ONa [M+Na] 247.1099, found 247.1132. 
 
 
                                                                                                    
4-(4-chlorophenyl)-4-phenylbutan-2-one (3.56c) 
Colorless oil isolated from flash chromatography using: 97:3 hexanes:EtOAc as eluent.  
1H NMR (500 MHz, CDCl3): δ 7.26 (d, J = 1.3 Hz, 1H), 7.26 – 7.22 (m, 2H), 7.22 (d, J = 2.0 Hz, 
1H), 7.17 (td, J = 5.8, 5.3, 2.8 Hz, 3H), 7.15 – 7.11 (m, 2H), 4.55 (t, J = 7.5 Hz, 1H), 3.14 (d, J = 
7.5 Hz, 2H), 2.07 (s, 3H). 
13C NMR (126 MHz, CDCl3): δ 206.63, 143.53, 142.57, 132.38, 129.26, 128.88, 127.78, 126.84, 
49.65, 45.44, 30.86. 






Colorless oil isolated from flash chromatography using: 97:3 hexanes:EtOAc as eluent.  
1H NMR (500 MHz, CDCl3): δ 7.43 – 7.36 (m, 2H), 7.30 – 7.24 (m, 2H), 7.19 (td, J = 6.6, 1.6 Hz, 
3H), 7.09 (d, J = 8.4 Hz, 2H), 4.55 (t, J = 7.5 Hz, 1H), 3.15 (d, J = 7.5 Hz, 2H), 2.09 (s, 3H). 
13C NMR (126 MHz, CDCl3): δ 206.61, 143.44, 143.11, 131.83, 129.66, 128.89, 127.79, 126.86, 
120.48, 49.59, 45.50, 30.86. 





White solid isolated from flash chromatography using: 95:5 hexanes:EtOAc as eluent.  
1H NMR (400 MHz, CDCl3): δ 7.58 – 7.52 (m, 2H), 7.52 – 7.48 (m, 2H), 7.48 – 7.38 (m, 3H), 
7.13 – 7.06 (m, 2H), 4.82 (t, J = 7.6 Hz, 1H), 4.03 (s, 3H), 3.43 (d, J = 7.6 Hz, 2H), 2.35 (s, 3H). 
13C NMR (126 MHz, CDCl3): δ 207.19, 158.21, 144.35, 136.09, 128.78, 128.70, 127.72, 126.50, 
114.07, 55.32, 50.00, 45.40, 30.80. 





White solid isolated from flash chromatography using: 95:5 hexanes:EtOAc as eluent.  
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1H NMR (400 MHz, CDCl3): δ 7.30 (d, J = 4.9 Hz, 4H), 7.25 – 7.17 (m, 2H), 7.15 (dd, J = 7.6, 
1.7 Hz, 1H), 6.97 – 6.90 (m, 1H), 6.88 (dd, J = 8.3, 1.1 Hz, 1H), 5.03 (t, J = 7.7 Hz, 1H), 3.83 (s, 
3H), 3.19 (dd, J = 7.8, 2.5 Hz, 2H), 2.13 (s, 3H). 
13C NMR (126 MHz, CDCl3): δ 207.53, 156.86, 143.55, 132.31, 128.44, 128.10, 127.98, 127.70, 
126.31, 120.68, 110.93, 55.54, 49.02, 39.61, 30.35. 




                        
4-(3-methoxyphenyl)-4-phenylbutan-2-one (3.60c) 
Colorless oil isolated from flash chromatography using: 95:5 hexanes:EtOAc as eluent.  
1H NMR (500 MHz, CDCl3): δ 7.29 – 7.24 (m, 2H), 7.24 – 7.20 (m, 2H), 7.20 – 7.13 (m, 2H), 
6.82 (dt, J = 7.6, 1.2 Hz, 1H), 6.77 (s, 1H), 6.72 (dd, J = 8.2, 2.5 Hz, 1H), 4.55 (t, J = 7.5 Hz, 1H), 
3.76 (s, 3H), 3.16 (d, J = 7.6 Hz, 2H), 2.08 (s, 3H). 
13C NMR (126 MHz, CDCl3): δ 207.02, 159.85, 145.64, 143.86, 129.73, 128.77, 127.84, 126.66, 
120.23, 114.11, 111.52, 55.31, 49.79, 46.19, 30.86. 





White solid isolated from flash chromatography using: 95:5 hexanes:EtOAc as eluent.  
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1H NMR (400 MHz, CDCl3): δ 7.27 – 7.20 (m, 2H), 7.14 – 7.07 (m, 2H), 7.02 (ddd, J = 15.6, 6.8, 
4.0 Hz, 5H), 4.39 (t, J = 7.6 Hz, 1H), 3.00 (d, J = 7.6 Hz, 2H), 1.97 (s, 3H), 1.93 (s, 3H). 
13C NMR (126 MHz, CDCl3): δ 207.21, 168.53, 143.92, 139.91, 136.41, 128.77, 128.37, 127.79, 
126.65, 120.30, 49.81, 45.61, 30.86, 24.66. 





Colorless oil isolated from flash chromatography using: 95:5 hexanes:EtOAc as eluent.  
1H NMR (400 MHz, CDCl3): δ 7.37 (d, J = 2.2 Hz, 1H), 7.30 – 7.22 (m, 2H), 7.20 – 7.14 (m, 3H), 
7.11 (dd, J = 8.5, 2.3 Hz, 1H), 6.78 (d, J = 8.5 Hz, 1H), 4.50 (t, J = 7.5 Hz, 1H), 3.83 (s, 3H), 3.12 
(d, J = 7.5 Hz, 2H), 2.07 (s, 3H). 
13C NMR (126 MHz, CDCl3): δ 206.70, 154.56, 143.70, 137.77, 132.54, 128.88, 127.96, 127.74, 
126.80, 112.09, 111.88, 56.40, 49.78, 44.98, 30.88. 




4-(3-fluoro-4-methoxyphenyl)-4-phenylbutan-2-one (3.66c)           
Colorless oil isolated from flash chromatography using: 95:5 hexanes:EtOAc as eluent.  
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1H NMR (400 MHz, CDCl3): δ 7.29 – 7.20 (m, 2H), 7.15 (dt, J = 5.9, 1.6 Hz, 3H), 6.94 – 6.86 (m, 
2H), 6.82 (t, J = 8.7 Hz, 1H), 4.48 (t, J = 7.5 Hz, 1H), 3.80 (s, 3H), 3.10 (d, J = 7.5 Hz, 2H), 2.05 
(s, 3H). 
13C NMR (126 MHz, CDCl3): δ 206.76, 152.44 (d, J = 245.9 Hz), 146.23 (d, J = 10.8 Hz), 143.74, 
137.18 (d, J = 5.6 Hz), 128.85, 127.71, 126.79, 123.44, 115.56 (d, J = 18.7 Hz), 113.54, 56.42, 
49.76, 45.17, 30.86. 







White solid isolated from flash chromatography using: 97:3 hexanes:EtOAc as eluent.  
1H NMR (400 MHz, CDCl3): δ 7.37 – 7.22 (m, 4H), 7.20 – 7.09 (m, 4H), 4.57 (t, J = 7.5 Hz, 1H), 
3.16 (d, J = 7.5 Hz, 2H), 2.12 (s, 3H). 
13C NMR (126 MHz, CDCl3): δ 206.18, 142.07, 132.61, 129.17, 128.99, 49.47, 44.69, 30.84. 









Yellow oil isolated from flash chromatography using: 95:5 hexanes:EtOAc as eluent.  
1H NMR (400 MHz, CDCl3): δ 8.12 (d, J = 8.7 Hz, 2H), 7.37 (d, J = 8.7 Hz, 2H), 7.11 (d, J = 8.7 
Hz, 2H), 6.83 (d, J = 8.7 Hz, 2H), 4.65 (t, J = 7.4 Hz, 1H), 3.77 (s, 3H), 3.26 – 3.11 (m, 2H), 2.12 
(s, 3H). 
13C NMR (126 MHz, CDCl3): δ 206.04, 158.69, 152.14, 146.63, 134.46, 128.83, 128.68, 124.02, 
114.46, 55.43, 49.40, 44.97, 30.82. 




2-((4-bromophenyl)(phenyl)methyl)cyclohexan-1-one (3.69c)            
Colorless liquid isolated from flash chromatography using: 97:3 hexanes:EtOAc as eluent.  
1H NMR (500 MHz, CDCl3): δ 7.37 (d, J = 8.5 Hz, 2H), 7.25 – 7.21 (m, 4H), 7.18 – 7.11 (m, 1H), 
7.11 – 7.03 (m, 2H), 4.30 (d, J = 10.5 Hz, 1H), 3.31 (td, J = 10.7, 4.6 Hz, 1H), 2.52 – 2.31 (m, 
2H), 2.05 (dqd, J = 12.2, 4.2, 2.2 Hz, 1H), 1.84 (dddt, J = 10.1, 8.0, 5.1, 2.0 Hz, 2H), 1.79 – 1.60 
(m, 2H), 1.36 (dd, J = 10.4, 2.7 Hz, 1H). 
13C NMR (126 MHz, CDCl3): δ 212.07, 143.48, 142.31, 131.84, 130.35, 128.72, 127.65, 126.53, 
120.35, 54.77, 50.41, 42.80, 33.61, 29.27, 24.93. 






        4-(4-methoxyphenyl)-3-methyl-4-phenylbutan-2-one (3.70c) 
White solid isolated from flash chromatography using: 95:5 hexanes:EtOAc as eluent.  
1H NMR (500 MHz, CDCl3): δ 7.30 – 7.21 (m, 4H), 7.17 (dd, J = 7.6, 5.1 Hz, 3H), 6.88 – 6.65 
(m, 2H), 4.00 (dd, J = 11.5, 3.9 Hz, 1H), 3.73 (d, J = 13.0 Hz, 3H), 3.43 (dq, J = 11.1, 6.8 Hz, 1H), 
1.97 (d, J = 4.5 Hz, 3H), 1.00 (d, J = 6.6 Hz, 3H). 
13C NMR (126 MHz, CDCl3): δ 212.54, 158.25, 142.96, 135.56, 128.84, 128.80, 128.20, 126.64, 
114.20, 55.33, 54.15, 51.82, 29.47, 16.70. 






White solid isolated from flash chromatography using: 97:3 hexanes:EtOAc as eluent.  
1H NMR (400 MHz, CDCl3): δ 7.80 – 7.70 (m, 3H), 7.66 – 7.60 (m, 1H), 7.44 (ddd, J = 8.4, 5.9, 
1.8 Hz, 2H), 7.29 – 7.20 (m, 3H), 7.18 (d, J = 8.5 Hz, 2H), 4.73 (t, J = 7.5 Hz, 1H), 3.34 – 3.13 
(m, 2H), 2.10 (s, 3H). 
13C NMR (126 MHz, CDCl3): δ 206.58, 142.42, 140.93, 133.58, 132.46, 132.41, 129.41, 128.91, 
128.66, 127.92, 127.77, 126.53, 126.41, 125.95, 125.84, 49.52, 45.48, 30.92. 









Colorless oil isolated from flash chromatography using: 97:3 hexanes:EtOAc as eluent.  
1H NMR (500 MHz, CDCl3): δ 7.74 (ddd, J = 7.5, 5.7, 1.8 Hz, 2H), 7.67 (d, J = 8.3 Hz, 2H), 7.41 
(ddd, J = 7.2, 5.5, 1.7 Hz, 2H), 7.24 – 7.13 (m, 5H), 4.55 (s, 1H), 2.02 (s, 3H), 1.24 (s, 3H), 1.22 
(s, 3H). 
13C NMR (126 MHz, CDCl3): δ 213.32, 140.09, 138.73, 133.26, 132.65, 132.27, 131.48, 128.49, 
128.46, 128.18, 128.08, 128.05, 127.64, 126.37, 126.12, 57.67, 51.80, 26.12, 24.37, 24.02. 
HRMS calcd for C22H21ClONa [M+Na] 359.1179, found 359.1185. 
 
 
                                                                                                                                                                 
4-(naphthalen-1-yl)-4-phenylbutan-2-one (3.73c) 
Colorless oil isolated from flash chromatography using: 97:3 hexanes:EtOAc as eluent.  
1H NMR (400 MHz, CDCl3): δ 8.18 – 8.09 (m, 1H), 7.83 (dd, J = 7.5, 2.1 Hz, 1H), 7.74 (d, J = 
8.2 Hz, 1H), 7.50 – 7.39 (m, 3H), 7.35 (dd, J = 7.1, 1.2 Hz, 1H), 7.30 – 7.20 (m, 4H), 7.21 – 7.11 
(m, 1H), 5.43 (t, J = 7.4 Hz, 1H), 3.30 (dd, J = 7.4, 5.5 Hz, 2H), 2.11 (s, 3H). 
13C NMR (126 MHz, CDCl3): δ 207.03, 143.86, 139.44, 134.30, 131.65, 129.02, 128.77, 128.07, 
127.59, 126.62, 126.39, 125.76, 125.42, 124.44, 123.91, 50.35, 41.70, 30.82. 







White solid isolated from flash chromatography using: 97:3 hexanes:EtOAc as eluent.  
1H NMR (400 MHz, CDCl3): δ 7.82 – 7.70 (m, 3H), 7.67 (d, J = 1.8 Hz, 1H), 7.48 – 7.38 (m, 2H), 
7.34 – 7.29 (m, 1H), 7.29 – 7.23 (m, 4H), 7.18 (dqd, J = 8.3, 5.6, 2.8 Hz, 1H), 4.75 (t, J = 7.5 Hz, 
1H), 3.37 – 3.17 (m, 2H), 2.09 (s, 3H). 
13C NMR (126 MHz, CDCl3): δ 207.02, 143.85, 141.43, 133.60, 132.37, 128.79, 128.50, 128.01, 
127.93, 127.74, 126.72, 126.70, 126.27, 125.86, 125.79, 49.69, 46.24, 30.91. 





White solid isolated from flash chromatography using: 95:5 hexanes:EtOAc as eluent.  
1H NMR (500 MHz, CDCl3): δ 7.67 (d, J = 9.0 Hz, 1H), 7.63 (d, J = 8.5 Hz, 1H), 7.61 – 7.57 (m, 
1H), 7.30 – 7.23 (m, 5H), 7.18 (td, J = 6.4, 2.6 Hz, 1H), 7.12 (dd, J = 8.9, 2.5 Hz, 1H), 7.07 (d, J 
= 2.5 Hz, 1H), 4.72 (t, J = 7.5 Hz, 1H), 3.89 (s, 3H), 3.26 (t, J = 7.2 Hz, 2H), 2.09 (s, 3H). 
13C NMR (126 MHz, CDCl3): δ 207.17, 157.68, 144.08, 139.15, 133.44, 129.42, 129.06, 128.77, 
127.99, 127.37, 127.21, 126.64, 125.74, 119.04, 105.75, 55.49, 49.82, 46.12, 30.92. 





   
4-(4-methylthiazol-2-yl)-4-phenylbutan-2-one (3.77c) 
 Yellow solid isolated from flash chromatography using: 95:5 hexanes:EtOAc as eluent.  
1H NMR (400 MHz, CDCl3): δ 7.27 – 7.20 (m, 3H), 7.19 (s, 2H), 6.64 (d, J = 1.2 Hz, 1H), 4.78 
(t, J = 7.2 Hz, 1H), 3.57 (dd, J = 17.3, 7.7 Hz, 1H), 3.01 (dd, J = 17.3, 6.8 Hz, 1H), 2.33 (d, J = 
1.0 Hz, 3H), 2.09 (s, 3H). 
13C NMR (126 MHz, CDCl3): δ 206.42, 172.37, 152.20, 142.13, 128.96, 128.11, 127.46, 113.66, 
49.37, 44.73, 30.73, 17.34. 





Yellow oil isolated from flash chromatography using: 95:5 hexanes:EtOAc as eluent.  
1H NMR (400 MHz, CDCl3): δ 7.30 – 7.21 (m, 4H), 7.21 – 7.13 (m, 1H), 7.09 (dd, J = 5.1, 1.2 
Hz, 1H), 6.86 (dd, J = 5.1, 3.5 Hz, 1H), 6.76 (dt, J = 3.6, 1.1 Hz, 1H), 4.78 (t, J = 7.4 Hz, 1H), 
3.22 (dd, J = 16.7, 7.4 Hz, 1H), 3.12 (dd, J = 16.7, 7.4 Hz, 1H), 2.06 (s, 3H). 
13C NMR (126 MHz, CDCl3): δ 206.39, 148.19, 143.66, 128.84, 127.72, 127.07, 126.85, 124.32, 
124.03, 51.14, 41.76, 30.83. 








Yellow liquid isolated from flash chromatography using: 95:5 hexanes:EtOAc as eluent.  
1H NMR (500 MHz, CDCl3): δ 7.45 (d, J = 7.5 Hz, 1H), 7.38 (d, J = 8.1 Hz, 1H), 7.34 – 7.27 (m, 
4H), 7.27 – 7.21 (m, 2H), 7.17 (dt, J = 14.8, 7.5 Hz, 2H), 6.38 (s, 1H), 4.74 (t, J = 7.3 Hz, 1H), 
3.36 (dd, J = 17.0, 7.3 Hz, 1H), 3.11 (dd, J = 17.0, 7.4 Hz, 1H), 2.13 (s, 3H). 
13C NMR (126 MHz, CDCl3): δ 206.05, 159.78, 154.94, 141.09, 128.90, 128.65, 128.08, 127.33, 
123.79, 122.80, 120.77, 111.16, 103.07, 48.21, 40.70, 30.67. 




tert-butyl 2-(3-oxo-1-phenylbutyl)-1H-pyrrole-1-carboxylate (3.81c)      
Yellow oil isolated from flash chromatography using: 95:5 hexanes:EtOAc as eluent.  
1H NMR (400 MHz, CDCl3): δ 7.25 – 7.21 (m, 2H), 7.21 – 7.16 (m, 1H), 7.14 (dt, J = 7.8, 1.9 Hz, 
3H), 6.10 (t, J = 3.4 Hz, 1H), 6.04 (t, J = 2.5 Hz, 1H), 5.31 (t, J = 7.6 Hz, 1H), 3.13 (dd, J = 16.5, 
7.7 Hz, 1H), 2.95 (dd, J = 16.4, 7.7 Hz, 1H), 2.10 (s, 3H), 1.46 (s, 9H). 
13C NMR (126 MHz, CDCl3): δ 206.93, 149.22, 143.34, 136.92, 128.44, 128.01, 126.51, 122.13, 
111.77, 109.84, 83.80, 50.75, 39.33, 30.34, 28.02. 





                                         
 
(S)-3.58b 
Colorless oil isolated from flash chromatography using: 95:5 hexanes:EtOAc as eluent.  
1H NMR (400 MHz, CDCl3): δ 11.97 (s, 0.09H), 7.40 – 7.36 (m, 1H), 7.34 (dd, J = 6.8, 1.5 Hz, 
4H), 7.32 – 7.26 (m, 3H), 7.25 (d, J = 1.9 Hz, 1H), 6.92 – 6.84 (m, 4H), 5.82 (d, J = 3.4 Hz, 0.28H), 
3.79 (s, 4H), 3.54 (s, 2H), 2.22 (s, 3H), 2.17 (d, J = 4.8 Hz, 0.3H). 
13C NMR (126 MHz, CDCl3): δ 207.23, 200.55, 176.28, 171.86, 166.39, 159.59, 159.46, 159.21, 
144.18, 140.51, 139.87, 136.34, 131.88, 128.97, 128.80, 128.69, 128.61, 128.14, 128.08, 127.60, 
127.08, 126.56, 114.08, 90.03, 77.87, 76.30, 75.98, 55.45, 50.53, 31.12, 30.35, 21.45. 
HRMS calcd for C18H18O4Na [M+Na] 321.1103, found 321.1114. 
HPLC analysis: 91%ee (Chiralcel OD-H, 95:5 Hexanes/isopropanol, 0.5 mL/min, 254 nm, minor 




4-(4-methoxyphenyl)-4-phenylbutan-2-one (3.58c)                 
White solid isolated from flash chromatography using: 95:5 hexanes:EtOAc as eluent.  
1H NMR (400 MHz, CDCl3): δ 7.27 (s, 1H), 7.25 (s, 1H), 7.23 – 7.16 (m, 3H), 7.16 – 7.10 (m, 
2H), 6.85 – 6.78 (m, 2H), 4.53 (s, 1H), 3.76 (s, 3H), 3.15 (d, J = 7.6 Hz, 2H), 2.07 (s, 3H). 
13C NMR (126 MHz, CDCl3): δ 207.19, 158.21, 144.35, 136.09, 128.78, 128.70, 127.72, 126.50, 
114.07, 55.32, 50.00, 45.40, 30.80. 
HRMS calcd for C17H18O2Na [M+Na] 277.1205, found 277.1198. 
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HPLC analysis: 1%ee (Chiralcel OD-H, 95:5 Hexanes/isopropanol, 0.5 mL/min, 254 nm, Rt = 





           (R)-3.71b 
Colorless oil isolated from flash chromatography using: 95:5 hexanes:EtOAc as eluent.  
1H NMR (400 MHz, CDCl3): δ 11.91 (s, 0.12H), 7.82 (dtd, J = 7.9, 5.8, 2.5 Hz, 6H), 7.55 – 7.45 
(m, 3H), 7.38 (ddd, J = 10.6, 8.5, 1.9 Hz, 3H), 7.33 (s, 5H), 7.05 (d, J = 2.0 Hz, 1H), 5.99 (d, J = 
3.4 Hz, 0.47H), 3.59 (d, J = 2.3 Hz, 2H), 2.31 (dd, J = 3.5, 1.6 Hz, 0.5H), 2.25 (d, J = 2.3 Hz, 3H). 
13C NMR (126 MHz, CDCl3): δ 200.15, 176.62, 171.54, 166.12, 142.06, 140.73, 138.60, 137.96, 
136.96, 136.31, 134.12, 132.97, 128.82, 128.77, 128.68, 128.67, 128.58, 128.18, 128.06, 127.72, 
126.56, 126.54, 126.46, 126.43, 126.37, 126.34, 126.19, 126.03, 125.17, 124.73, 124.70, 124.57, 
89.68, 77.41, 75.82, 50.28, 30.28, 21.35. 
HPLC analysis: 87%ee (Chiralcel OD, 95:5 Hexanes/isopropanol, 0.5 mL/min, 254 nm, minor Rt 
= 75.4 min, major Rt = 82.8 min). 









White solid isolated from flash chromatography using: 97:3 hexanes:EtOAc as eluent.  
1H NMR (500 MHz, CDCl3): δ 7.75 (dd, J = 16.4, 8.3 Hz, 3H), 7.63 (d, J = 1.8 Hz, 1H), 7.44 (td, 
J = 7.9, 1.5 Hz, 2H), 7.29 – 7.20 (m, 3H), 7.20 – 7.14 (m, 2H), 4.72 (s, 1H), 3.32 – 3.15 (m, 2H), 
2.10 (s, 3H). 
13C NMR (126 MHz, CDCl3): δ 206.59, 142.42, 140.94, 133.58, 132.47, 132.42, 129.41, 128.91, 
128.67, 127.92, 127.78, 126.53, 126.42, 125.96, 125.84, 49.52, 45.49, 30.93. 
HPLC analysis: 1%ee (Chiralcel OD, 95:5 Hexanes/isopropanol, 0.5 mL/min, 254 nm, Rt = 53.1 
min, 66.09 min). 





                                   (S)-3.75b 
(The racemic substrate could not separate by HPLC using OD, AD, OD-H and AS-H chiral 
columns) 
Colorless oil isolated from flash chromatography using: 95:5 hexanes:EtOAc as eluent.  
1H NMR (400 MHz, CDCl3):δ 11.97 (s, 0.09H), 7.81 (s, 0.3H), 7.74 (d, J = 5.0 Hz, 2H), 7.71 (d, 
J = 2.8 Hz, 1H), 7.69 (d, J = 3.7 Hz, 1H), 7.42 (s, 1H), 7.40 – 7.34 (m, 5H), 7.34 – 7.28 (m, 2H), 
7.16 (s, 1H), 7.14 (d, J = 2.5 Hz, 1H), 7.11 (d, J = 2.5 Hz, 1H), 7.07 (s, 1H), 5.99 (d, J = 3.4 Hz, 
0.32H), 3.91 (s, 4H), 3.58 (s, 2H), 2.27 (s, 0.33H), 2.23 (s, 3H). 
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13C NMR (126 MHz, CDCl3): δ 200.52, 176.40, 166.42, 158.25, 157.96, 143.96, 139.71, 139.11, 
134.71, 134.42, 134.21, 129.84, 129.80, 129.72, 128.83, 128.75, 128.69, 128.64, 128.28, 128.09, 
127.77, 127.49, 127.40, 127.35, 127.25, 126.83, 126.46, 126.16, 125.69, 125.52, 125.20, 90.04, 
78.32, 76.74, 76.53, 55.50, 50.56, 31.14, 30.38, 21.49. 





HPLC analysis: 95% ee (Chiralcel OD-H, 95:5 Hexanes/isopropanol, 0.5 mL/min, 254 nm, minor 





White solid isolated from flash chromatography using: 95:5 hexanes:EtOAc as eluent.  
1H NMR (400 MHz, CDCl3): δ 7.66 (dd, J = 15.2, 8.7 Hz, 2H), 7.62 – 7.58 (m, 1H), 7.30 (d, J = 
1.9 Hz, 1H), 7.27 (d, J = 3.9 Hz, 2H), 7.26 (s, 2H), 7.21 – 7.15 (m, 1H), 7.12 (d, J = 8.9 Hz, 1H), 
7.07 (d, J = 2.5 Hz, 1H), 4.72 (t, J = 7.5 Hz, 1H), 3.90 (s, 3H), 3.26 (dd, J = 7.5, 4.8 Hz, 2H), 2.10 
(s, 3H). 
13C NMR (126 MHz, CDCl3): δ 207.17, 157.68, 144.08, 139.15, 133.44, 129.42, 129.06, 128.77, 
127.99, 127.37, 127.21, 126.64, 125.74, 119.04, 105.75, 55.49, 49.82, 46.12, 30.92. 
HRMS calcd for C21H21O2 [M+H] 305.1542, found 305.1538. 
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HPLC analysis: 1% ee (Chiralcel OD-H, 95:5 Hexanes/isopropanol, 0.5 mL/min, 254 nm, Rt = 




                                           (S)-3.60b 
 (The racemic substrate could not separate by HPLC using OD, AD, OD-H and AS-H chiral 
columns) 
Colorless oil isolated from flash chromatography using: 95:5 hexanes:EtOAc as eluent.  
1H NMR (400 MHz, CDCl3): δ 11.94 (s, 0.09H), 7.42 – 7.36 (m, 1H), 7.36 – 7.31 (m, 5H), 7.31 – 
7.27 (m, 1H), 7.26 (s, 2H), 7.24 (s, 1H), 6.96 (s, 1H), 6.93 – 6.86 (m, 3H), 6.82 (d, J = 1.8 Hz, 
2H), 5.82 (d, J = 3.4 Hz, 0.48H), 3.85 – 3.74 (m, 5H), 3.55 (d, J = 1.8 Hz, 2H), 2.23 (d, J = 1.7 
Hz, 3H), 2.21 (d, J = 3.6 Hz, 0.55H). 
13C NMR (126 MHz, CDCl3): δ 200.43, 166.31, 159.87, 145.62, 143.83, 141.21, 139.56, 129.80, 
129.71, 128.75, 128.69, 128.37, 127.81, 127.37, 126.70, 119.56, 119.05, 113.56, 113.14, 112.99, 
112.24, 89.97, 78.69, 78.01, 76.35, 55.43, 50.47, 30.39, 29.36, 21.48, 10.08. 









HPLC analysis: 95% ee (Chiralcel OD-H, 95:5 Hexanes/isopropanol, 0.5 mL/min, 254 nm, minor 
Rt = 70.9 min, major Rt = 46.1 min). 
 
 
      
4-(3-methoxyphenyl)-4-phenylbutan-2-one (3.60c) 
(HPLC analysis carried out for the crude of the reaction without further purification) 
HRMS calcd for C17H18O2Na [M+Na] 277.1205, found 277.1216. 
HPLC analysis: 1% ee (Chiralcel OD-H, 95:5 Hexanes/isopropanol, 0.5 mL/min, 254 nm, Rt = 
45.5 min, 55.2 min). 
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Palladium-Catalyzed Decarboxylative Dearomatizations and Arylations 



















4.1 Palladium-catalyzed dearomatization  
4.1.1 Introduction 
Palladium-catalyzed decarboxylative cross-coupling reactions have enabled transformations 
that are either difficult or previously unknown via conventional methods. In this regard, palladium-
catalyzed decarboxylative benzylation reactions offer a powerful strategy for benzylic alkylation 
of less-stabilized nucleophiles (pKa >20).
1 For example, benzyl β-keto esters and benzyl enol 
carbonates are known to undergo palladium-catalyzed decarboxylative benzylation to provide 
benzylated ketones (Scheme 4.1).1a, 2 Nevertheless, our initial attempts to perform a similar 
coupling with 1,1-diarylmethyl enol carbonate (4.1) provided the dearomatized (4.2) and arylated 
ketones (4.3) in very low yield and did not generate benzylated product (4.4) (Scheme 4.2). While 
methods for catalytic dearomatization and arylation of ketones are of high synthetic value, to the 
best of our knowledge, there are no literature reports of catalytic decarboxylative dearomatization 
or decarboxylative arylation of ketones that proceed via the intermediacy of palladium-π-benzyl 
intermediates. Thus, it became our goal to develop useful synthetic methods for decarboxylative 














Dearomatization of arenes has attracted much attention due to its potential to generate alicyclic 
carbocycles, which are ubiquitous intermediates in natural product synthesis.3 Birch reduction and 
photocycloaddition of arenes to alkenes are two of the most common ways to achieve similar 
dearomatizations.4 The transition metal-mediated dearomatization reactions are generally limited 
to two basic methods:5 (i) electrophilic reactions that proceed via the coordination and activation 
of more electron rich π-basic metals to arenes [M(ɳ2-arene)] (M = Os, Re, Mo, W) and (ii) 
nucleophilic dearomatization reactions via arene coordination and activation by more electron 
deficient metals [M(ɳ6-arene)] (M = Cr, Mn, Ru). 
 In addition to the aforementioned metal-mediated reactions, Bao and Yamamoto reported a 
palladium-catalyzed allylative dearomatization that involves the intermediacy of ɳ3-palladium-π-
benzyl intermediates which react with allyltributyltin reagent (Scheme 4.3).6 In this report the 
coupling of benzyl chloride and allyltributylstannane in the presence of 5 mol% Pd2dba3•CHCl3 
and 40 mol% PPh3 in acetone resulted in the formation of 4.5, without generating the Stille 
coupling products. Having a methyl substituent at the ortho, meta or para position did not heavily 
affect the formation of the dearomatized product but, depending on the steric hindrance, longer 
reaction times were required. Remarkably, 1-naphthylmethyl chloride reacted more rapidly than 




stable in CDCl3 for days at ambient temperature, and for weeks in a refrigerator. Eventually, the 
dearomatized products 4.7 underwent slow isomerization to the re-aromatized products 4.8. This 
type of isomerization was also observed during purification step using silica as the stationary phase 



















In the catalytic cycle proposed by Yamamoto, oxidative addition of benzyl chloride 4.9 to 
Pd(0), generates the Pd(II) intermediate (Scheme 4.4). This Pd(II) intermediate can isomerize 
between ɳ3-(4A) and ɳ1-Pd-benzyl (4B) intermediates.6 Transmetallation of 4B with 




yields the dearomatized product 4.10. The generation of regioisomeric bis-π-allyl-Pd intermediate 
4Cʹ is also possible, but product 4.10 is proposed to arise via the reductive coupling of intermediate 
4C. However, the DFT calculations performed by Lin have shown that the generation of 
intermediate 4C is energetically unfavorable, and a new mechanism was proposed (Scheme 4.5).7 
The main difference is that the reductive elimination occurs directly from 4D via 4E-type 
intermediate in which the direct coupling of the C3-carbon of ɳ1-palladium-allyl with the para-









































Scheme 4.5  
 
 
The palladium-catalyzed allylative dearomatization was also reported with naphthalene and 
phenanthrene allyl chlorides in the presence of 5 mol% Pd2(dba)3 and 20 mol% PPh3 in DCM at 
room temperature (Scheme 4.6).8 Interestingly, the previously observed para selectivity for 
allylation was no longer seen,6 rather the ortho allylated products were formed via intermediates 
4F and 4Fʹ.  
As expected, the dearomatized products obtained from naphthalene and phenanthrene allyl 
chlorides were far more stable than the products obtained from benzyl chlorides, and these were 
purified via a silica column without any isomerization. Furthermore, varying the electronics of the 
aryl rings did not significantly affect the reaction yield. However, under optimized conditions, 
cinnamyl chloride derivatives did not provide any dearomatized products, but indeed underwent 














In addition to the above reports, Bao further demonstrated the allylative dearomatization of 
benzyl chlorides, naphthalenemethyl chlorides and naphthalene allyl chlorides, resulting in 
propargylated and/or  allenylated dearomatized products in the presence of allenyltributylstannane 








In a later report, Bao and coworkers showed the nucleophilic dearomatization of 1-
naphthylmethyl chloride derivatives by malonate nucleophiles under palladium-catalyzed 
conditions (Table 4.1).10 Screening of primary (4.11a, 4.12a) and secondary benzyl halides (4.13a 
– 4.15a) showed that 1,1-diarylmethanes with extended π-conjugation (4.14a) highly favor the 
formation of the dearomatized product 4.14b, without giving rise to any benzylated product. In 
addition to malonate nucleophiles various other activated methylenes yielded the ortho substituted 
dearomatized products in good yields (Scheme 4.9). However, the use of more sterically hindered 
nucleophiles led to the formation of para-substituted dearomatized products (4.16). 
Alternatively, Kuwano has also reported the synthesis of 3-methyl-9,10-dihydrophenanthrenes 
4.19, using an ortho-phenylene tethered to the meta-position of benzyl carbonates 4.17 (Scheme 
4.10).11 Due to geometric constraints, nucleophilic substitution was expected to occur at the ortho-
carbon (C3) of Pd-π-benzyl intermediate. However, no products were formed via ortho-




substitution and re-aromatization of 4.18 via a 1,5-hydride shift. This is the first report of such an 



























Previously Recio (III), a coworker in the Tunge group, also observed a related reaction that 




formation of arylated nitriles 4.21 via the decarboxylative coupling of α,α-disubstituted 2-
methylfuranyl cyanoacetates (4.20) in the presence of Pd(PPh3)4 (Scheme 4.11).
1b This was the 
first arylation reported that proceeds via a catalytic decarboxylative coupling of benzyl 
electrophiles. Interestingly, changing the catalyst/ligand combination to CpPd(allyl)/(S)-DTBM 
SEGPHOS provided the arylmethylated product (4.22). This ligand based selectivity is proposed 
to arise from a change of mechanism when shifting from a monodentate to a bidentate phosphine 
ligand. Both reaction paths involve the formation of ɳ3-palladium-π-furfuryl intermediate, but in 
the presence of a monodentate ligand (PPh3) the reaction occurs via an inner-sphere mechanism 
(path a) due to the access to a vacant coordination site on the metal to result the arylated product 
4.21. However, use of a bidentate ligand [(S)-DTBM SEGPHOS] forces the reaction to occur via 
an outer-sphere mechanism (path b) to yield 4.22, due to the absence of an open coordination site 








4.1.2 Palladium-catalyzed decarboxylative dearomatization with ketone enolates 
Following the initial observation of decarboxylative dearomatization (Scheme 4.2), our efforts 
were focused on optimizing reaction conditions to obtain the dearomatized ketone product 4.2 in 
high conversion via the decarboxylative coupling of benzyl enol carbonate 4.1 (Table 4.2, entry 1-
10). While, 10 mol% Pd(PPh3)4 provided both the dearomatized (4.2) and arylated ketone (4.3) 
with low conversion, the formation of benzylated ketone 4.4 was not observed (entry 1). The more 
electron-deficient dba-ligated palladium pre-catalyst with more electron rich tri(2-furyl)phosphine 
exclusively formed the dearomatized product (entry 5), albeit in very low conversion. Notably, 
increasing the concentration of the reaction mixture improved conversion of 4.1 to the 
dearomatized product 4.2 (entry 6). Encouraged by these results different dba-ligated palladium 
pre-catalysts were screened along with tri(2-furyl)phosphine ligand. To our delight, Pd(dba)2 
cleanly converted to the dearomatized product 4.2 in 98% conversion (entry 7). Heating the 
reaction for a few more hours provided a small amount of isomerization of 4.2 to 4.3 (entry 8). 
Therefore, the reaction conditions shown in entry 7 were chosen as the optimized reaction 
conditions for catalytic decarboxylative dearomatization. (Entry 11-14 in Table 4.2 will be 
discussed in chapter 4.2.2). 
With the optimized reaction conditions in hand, the substrate scope was examined (Scheme 
4.12). The dearomatized product 4.2 was isolated in 91% yield in E configuration. The increased 
steric hindrance caused by 1-naphthyl and phenyl groups may encourage the observed E 
configuration. Substitution at the para-position with an alkyl (4.23) or halogen (4.26, 4.27) 
moieties provided very good yields. A moderate yield was obtained with the o-OMe substrate 




withdrawing m-OMe also provided the dearomatized product 4.25 in good yield. However, more 






In addition, a strongly withdrawing p-NO2 substituent did not allow the isolation of dearomatized 
product and instead delivered the mono-α-arylated product in 57% yield (4.30). While all other 
substrates delivered dearomatized products with ortho substitution, a p-Me substituted benzyl 












The formation of para-substituted dearomatized product 4.31 can be rationalized as follows 
(Figure 4.1). A methyl substituent at the para position allows for the generation of a more stabilized 
cation at the para-carbon of ɳ3-palladium-benzyl intermediate which could favor the formation of 
para-substituted product (4.31) instead of the ortho-substituted product. Changing the methyl 
group to a fluoro substituent, did not result the expected product 4.32, and the unreacted benzyl 
enol carbonate was isolated to account for the mass-balance. 
 
 
           
Figure 4.1 
 
Similar to previous observations (Scheme 3.10), a 2-Me group on the naphthyl moiety (4.33) 
did not result any product, presumably due to the steric hindrance preventing the formation of the 
requisite Pd-π-benzyl intermediate. Unfortunately, efforts to extend the electrophile scope to 
phenanthrene derivatives were unsuccessful (4.34), due to the formation of a complex reaction 
mixture, which could not be purified.  
Further expansion of the substrate scope to hetereoaromatic moieties was met with limited 
success. Although 4.35 was isolated in 63% yield, changing to an indole (4.36) or quinoline (4.37), 
did not result in any product. Interestingly, with a benzofuran moiety, the expected product was 
not formed. Instead, the formation of 4.38 was observed as a 1:1 mixture of isomers in 76% yield. 
The formation of 4.38 could occur from an initial ligand exchange and reductive elimination 



















Notably, the isolated dearomatized products (Scheme 4.12) are stable on a silica column, and 
these were purified using flash chromatography. We also noted the high stability of these 
dearomatized compounds in CDCl3 similar to Yamamoto’s report.
6 In solution in an NMR tube, 
these dearomatized compounds were stable for weeks at room temperature. Therefore, these 
compounds were stored long-term in a freezer as solutions in CHCl3. After months, we observed 





4.2 Palladium-catalyzed arylation of ketone enolates 
4.2.1 Introduction 
 Arylation of ketone enolates via transition metal catalyzed cross-coupling reactions has 
attracted considerable attention during the last decade. In 1997, Buchwald and Hartwig 
independently reported the arylation of ketones via the direct coupling of aryl halides with ketones 









In the method reported by Buchwald, the coupling of aryl bromides to ketones was carried out 
in the presence of Pd2(dba)3, BINAP (or tol-BINAP) and NaOt-Bu,
12a while, Hartwig used 
Pd(dba)2, dppf (or dtpf) and KN(SiMe3)2 or NaOt-Bu.
12b Prior to these reports, arylation of ketones 
required the preformation of tin, bismuth or silyl enolates.13 
A generalized mechanism for the base mediated palladium-catalyzed arylation of ketones is 
shown in Scheme 4.15. In the reaction mechanism, the oxidative addition of aryl halide to Pd(0), 
generates the adduct 4G which undergoes transmetalation with the sodium enolate to generate 4H 














The literature reported methods for α-arylation of ketones are mostly limited to alkyl aryl 




controlled.12, 14 Additionally, with some substrates diarylation could not be avoided (Scheme 
4.14).12a 
Similar arylations with acetone or dialkyl ketones with two enolizable positions is scarcely 
reported in literature.15 Direct mono-α-arylation of acetone with an aryl halide is undoubtedly 
challenging, due to the presence of several acidic C-H bonds that are prone to undergo enolate 
formation in the presence of base, because, the increased acidity of benzylic C–H’s of the mono-
α-arylated acetone product can easily lead to the formation of the α,α-diarylated products. 
Therefore, in general, acetone equivalents such as stannyl or silyl enolates of acetone were used 
for the arylation of acetone until Stradiotto reported the mono-α-arylation of acetone with aryl 




















4.2.2 Palladium-catalyzed decarboxylative arylation of ketone enolates 
 
Given the high synthetic interest for α-arylation of acetones, we next focused on developing a 
palladium-catalyzed decarboxylative route for the α-arylation of acetones/ketones via the rapid 
isomerization of the dearomatized ketones. As previously shown, the formation of the mono-α-
arylated ketone was observed upon prolonged heating with 10 mol% Pd(PPh3)4 (entry 11-13, Table 
4.2). When the concentration of 4.1 was increased, the mono-α-arylated product 4.3 was formed 
in a satisfactory ratio of 4.2:4.3 = 11:89 (entry 14, Table 4.2), and 4.3 was isolated in 74% yield 







Using the reaction conditions in entry 14, Table 4.2, the substrate scope was then examined 
(Scheme 4.18). Remarkably, for the substrates 4.40-4.47, after 24 hours of reaction no 
dearomatized ketones were detected; the initially generated dearomatized products were fully 
isomerized to the mono-α-arylated products without giving rise to any poly-arylated products. 
Unreacted starting material accounted for the mass balance of these arylation reactions. Chloro 
and fluoro substituted benzyl enol carbonates also provided the arylated products (4.43 and 4.44) 












Notably, electron deficient benzyl enol carbonates with a m-CN or a p-NO2 substituent 
provided the arylated products 4.46 and 4.47 in good yields. This was a very distinct result 
compared to decarboxylative benzylation of alkynes, in which electron deficient 1,1-
diarylmethane carboxylic acid derivatives were either less reactive or completely unreactive 
(Chapter 3). As expected, 4.48 was isolated as the dearomatized ketone as it is unable to undergo 
re-aromatization via proton transfer or hydride shift. With the fluoro substituent at the 4-position 
(4.49) no reaction was observed and the unreacted benzyl enol carbonate was present in the NMR 
spectrum of the crude reaction mixture. Similar to previous observations (Scheme 3.10 and 4.12) 
4.50 and 4.51 were not formed under our standard reaction conditions.  
Unfortunately, under the optimized conditions enol carbonates with heteroaromatic moieties 
did not undergo a clean conversion to provide the expected products (4.52-4.55). However, the 
reactivity of benzofuran enol carbonate was similar to before, in which 4.55 was isolated as a 1:2 









The reactivity of benzyl enol carbonates 4.56 and 4.57 were also briefly evaluated for 




complex mixture of products from which 4.58 was isolated and characterized. The formation of 





To further expand the substrate scope of the nucleophilic coupling partner, cyclic as well as 
other acyclic benzylic enol carbonates were synthesized. Under the optimized reaction conditions 






Then we turned our attention to other acyclic enolates. With 5 mol% Pd(dba)2 and 20 mol% 
tri(2-furyl)phosphine the decarboxylative coupling reactions of acyclic enolates were sluggish. 
When the catalyst was changed to Pd(PPh3)4 (10 mol%), benzylic enol carbonates were cleanly 
converted to the respective dearomatized products, without giving rise to any arylated ketones 
(Scheme 4.19). The products 4.61-4.65 were obtained in good yields, albeit with poor 
diastereoselectivity. Protonated enolates accounted for the mass balance of these reactions. 







It is also noteworthy that benzyl enol carbonate 4.67 cleanly provided 4.64 without any side-
products resulting from enolate isomerization (Scheme 4.20). Unfortunately, prolonged heating 
did not provide the arylated product with any of these substrates (4.61-4.65). While the exact 
reason for this is unclear, it is thought the increased steric hindrance at the α-C slows down the 





Next, additional experiments were performed in order to gain mechanistic insight into the 
isomerization of the dearomatized ketones to the mono-α-arylated ketones under Pd(PPh3)4 
catalyzed conditions. The 1H NMR spectral data of the decarboxylative coupling of 4.1 under 
optimized conditions for the two protocols (dearomatization and arylation) are shown in Table 4.3. 
After isolation, 4.2 was subjected to the identical reaction conditions but in the absence of any 
catalyst/ligand (entry 1 in Table 4.4), the dearomatized ketone 4.2 did not undergo significant 
isomerization (4.2:4.3 is 33:1). However, in the presence of 10 mol% Pd(PPh3)4 a 1:1 ratio of 
4.2:4.3 was observed (entry 2, Table 4.4). Therefore, the isomerization of 4.2 to 4.3 is a palladium-
catalyzed process.  
The slower rate of isomerization of 4.2 in the presence of Pd(PPh3)4 compared to entry 2 in 
Table 4.3 led us to propose of the potential additional involvement of a Pd(II) species in the 
isomerization pathway. To test this hypothesis, the palladium source was changed to Pd(OAc)2, 
which resulted 4.2:4.3 in a 2.5:1 ratio (entry 3, Table 4.4). Therefore, both Pd(0) and Pd(II) species 

















Interestingly, with Pd(dba)2 and tri(2-furyl)phosphine the isomerization occurred in a 
significantly lower rate (4.2:4.3 = 6:1, entry 4, Table 4.4). The influence of the electron rich tri(2-
furyl)phosphine on the rate of isomerization was studied by changing the ligand to PPh3 (entry 5) . 
In the presence of PPh3 the isomerization rate was significantly faster compared to that of entry 4, 
showing the contribution of electron rich tri(2-furyl)phosphine to lowering the rate of 
isomerization. Moreover, comparison of entries 2 and 5 in table 4.4, shows the involvement of dba 
in slowing down the rate of isomerization, thus demonstrating catalyst selectivity. While an exact 
mechanism for the isomerization is not clear, a plausible mechanism for the Pd(OAc)2 catalyzed 













A likely catalytic cycle for the decarboxylative dearomatization is shown in Scheme 4.22. In 
the reaction mechanism, the Pd-π-benzyl carboxylate intermediate (4J) is generated upon 





Decarboxylation of 4J generates the enolate anion in situ, which could react with Pd-π-benzyl 
intermediate via an inner sphere or an outer sphere mechanism to deliver the product 4.2.  
The formation of 4.2 with bidentate ligands [e.g. dppe, (R)-SEGPHOS and dppp, entry 2-4 in 
Table 4.2], and formation of p-substituted ketone 4.31 and 4.48,11 suggest an outer sphere pathway 
for the catalytic cycle although not conclusively. 
An inner sphere mechanism is also equally viable for several reasons. The observed 
regioselectivity was remarkable in dearomatization/arylation without generating any products via 
the generally favored benzylation pathway. Moreover, the formation of para-substituted arylated 
ketone could result from a 4K-type intermediate.1b, 7 In addition, experimentally Hartwig et al., 
has shown the formation of 4L-type intermediate in the catalytic arylation with bisphosphine 
ligands, in which bisphosphine ligand is bound to palladium via ɳ1 coordination due to increased 






In order to gain insight in to the reaction mechanism, a stereochemical study was conducted 
using enantioenriched benzyl enol carbonates. While an inner sphere attack of the enolate would 
result the product with retention of configuration, an outer sphere attack of the enolate would 








The enantioenriched benzyl enol carbonate (R)-4.69 was synthesized from the respective 
enantioenriched diarylmethanol (R)-4.68. Under optimized reaction conditions (R)-4.69 provided 
the dearomatized product 4.26 in 85% yield and 87% cee (Scheme 4.24). This initial result 















Efforts were then directed to obtain an x-ray crystal structure of 4.26, in order to determine the 
absolute configuration of the ortho-carbon of the 1-naphthyl moiety. Unfortunately, all attempts 
to obtain an x-ray crystal structure of 4.26 were unsuccessful. The summer 2015 REU student 
Jordie Compton is currently working on synthesizing dearomatized ketone products with different 
substituents on the aryl moiety, in order to obtain an x-ray crystal structure, thereby to elucidate 
the reaction mechanism. 
 
In summary, we developed two protocols via the decarboxylative coupling of diaryl enol 
carbonates. While Pd(dba)2 with tri(2-furyl)phosphine efficiently delivers the dearomatized ketone  
coupling products, Pd(PPh3)4 rapidly promotes isomerization of the dearomatized ketones to the 
arylated ketone products. A major limitation is that these methods require the use of benzyl enol 
carbonates having a 1-naphthyl moiety. Efforts to extend these methods to other aromatic and 
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Appendix A3  
General Information: 
All reactions were run under an argon atmosphere using standard Schlenk techniques or an inert 
atmosphere glove box. All glassware were oven or flame dried prior to use. All palladium catalysts 
and ligands were purchased from Strem and stored in the glove box under an argon atmosphere. 
Toluene and THF were dried over sodium and distilled in the presence of benzophenone. Dried 
toluene was taken to the glove box in a Schlenk flask with activated molecular sieves. CH2Cl2 was 
dried over alumina. Other commercially available solvents were used without additional 
purification. Compound purification was effected by flash chromatography using 230x400 mesh, 
60 Å porosity silica obtained from Sorbent Technologies.  
1H NMR and 13C NMR spectra were obtained on a Bruker Avance 400 or a Bruker Avance 500 
DRX spectrometer equipped with a QNP cryoprobe and referenced to residual protio solvent 
signals. Structural assignments were based on 1H, 13C, DEPT-135, COSY, NOESY and HSQC. 
Mass spectrometry was run using EI or ESI techniques.  
 





A flask with a stir bar was charged with benzyl alcohol (500 mg, 2.1 mmol) and pyridine (0.50 




mL, 2.6 mmol) was added dropwise to the reaction mixture and left for overnight stirring with 
gradual warming to room temperature. The resulting mixture was quenched with 2M HCl and 
extracted with diethyl ether. Combined organics were washed with brine and dried over MgSO4 
and concentrated in vacuo. The crude mixture was purified by flash chromatography. 
 
General procedure for the synthesis of naphthalen-1-yl(phenyl)methyl 1H-imidazole-1-
carboxylate:  





Representative procedure for the synthesis cyclic benzyl vinyl carbonates:  
Followed the procedure in the Trost report, however, benzyl alcohol was used instead of allyl 
alcohol.1   
 
Representative procedure for the synthesis acyclic (Z)-benzyl vinyl carbonates:  









In a glove box, a clean 100 mL Schlenk flask with a stir bar was charged with hexamethyldisilazane 
sodium salt (NaHMDS) (366 mg, 2 mmol). The Schlenk flask was sealed with a septum, and taken 
out of the glove box. Then the flask was cooled in a dry ice/acetone bath for 5 min, and dry THF 
(7 mL) was transferred slowly. The flask was warmed to 0 °C to make a clear solution, and 
TMEDA (0.29 mL, 2 mmol) was added. The flask was again placed in the dry ice/acetone bath, 
and a solution of propiophenone (0.22 mL, 1.6 mmol) in THF (1.6 mL) was added slowly to the 
reaction mixture over 3 minutes. This reaction mixture was allowed to stir for 1 hour. A separate 
flask was charged with benzyl 1H-imidazole-1-carboxylate (656.7 mg, 2 mmol) and THF (1.6 mL) 
and this was cooled to -78 °C. Upon cooling BF3.OEt2 (0.24 mL, 2 mmol) was added to the 1H-
imidazole-1-carboxylate, and this was stirred for 15 minutes. After 1 hour benzyl 1H-imidazole-
1-carboxylate and BF3.OEt2 solution was transferred to the enolate mixture via a cannula and the 
reaction mixture was stirred overnight. The resulting reaction mixture was quenched with NH4Cl 
and extracted with diethyl ether. The combined organics were washed with brine, dried over 
MgSO4 and evaporated in vacuo. The crude mixture was purified by flash chromatography with 
2% diethyl ether in petroleum ether. 
All the synthesized benzyl vinyl carbonates cleanly provided a single isomer. From 2D-NMR 
studies it was confirmed that this method provides Z-benzyl vinyl carbonates.  
 








In a glove box, under an argon atmosphere, a flame dried 10 mL microwave vial with a stir bar 
was charged with benzyl vinyl carbonate (100 mg, 0.31 mmol), Pd(dba)2 (9 mg, 0.016 mmol), 
tri(2-furyl)phosphine (14.6 mg, 0.063 mmol) and toluene (1.6 mL). The Schlenk tube was 
equipped with a septum and the sealed tube was removed from the glove box and stirred at 110 °C 
for 18 hours. The resulting reaction mixture was cooled to room temperature and concentrated in 
vacuo and was purified via flash chromatography over silica gel. The isolated compound 4.2 was 
stored in the fridge dissolved in chloroform. 
(From 1D and 2D NMR data the product was conformed as the E-isomer)  
 






In a glove box, under an argon atmosphere, a flame dried 10 mL microwave vial equipped with a 
stir bar was charged with benzyl vinyl carbonate (80 mg, 0.25 mmol), Pd(PPh3)4 (29 mg, 0.025 
mmol), and toluene (1.3 mL). The Schlenk tube was equipped with a septum and the sealed tube 
was removed from the glove box and stirred at 110 °C for 24 hours. The resulting reaction mixture 
was cooled to room temperature and concentrated in vacuo and was purified via flash 













In a glove box, under an argon atmosphere, a flame dried 10 mL microwave vial was charged with 
(Z)-benzyl vinyl carbonate (64 mg, 0.16 mmol), Pd(PPh3)4 (18.7 mg, 0.016 mmol), and toluene 
(0.8 mL). The Schlenk tube was equipped with a septum and the sealed tube was removed from 
the glove box and stirred at 110 °C for 19 hours. The resulting reaction mixture was cooled to 
room temperature and concentrated in vacuo and was purified via flash chromatography over silica 
gel to afford 4.61. 
 






naphthalen-1-yl(phenyl)methyl prop-1-en-2-yl carbonate (SM-4-164) 
White solid isolated from flash chromatography using: 98:2 hexanes:EtOAc as eluent.  
1H NMR (400 MHz, CDCl3) δ 8.04 – 7.96 (m, 1H), 7.91 – 7.83 (m, 2H), 7.67 (dt, J = 7.2, 0.9 Hz, 
1H), 7.54 – 7.50 (m, 1H), 7.50 – 7.45 (m, 3H), 7.42 (dd, J = 8.1, 1.7 Hz, 2H), 7.37 – 7.33 (m, 1H), 
7.33 – 7.28 (m, 2H), 4.82 (d, J = 1.6 Hz, 1H), 4.69 (t, J = 1.3 Hz, 1H), 1.95 (d, J = 1.0 Hz, 3H). 
13C NMR (126 MHz, CDCl3) δ 153.19, 152.60, 139.04, 134.68, 134.09, 130.64, 129.36, 129.01, 












naphthalen-1-yl(p-tolyl)methyl prop-1-en-2-yl carbonate (SM-4-228) 
White solid isolated from flash chromatography using: 98:2 hexanes:EtOAc as eluent.  
1H NMR (500 MHz, CDCl3) δ 8.01 – 7.94 (m, 1H), 7.90 – 7.81 (m, 2H), 7.68 (dt, J = 7.2, 0.9 Hz, 
1H), 7.51 (dd, J = 8.2, 7.2 Hz, 1H), 7.48 – 7.44 (m, 2H), 7.43 (s, 1H), 7.33 – 7.27 (m, 2H), 7.14 
(d, J = 8.0 Hz, 2H), 4.81 (d, J = 1.6 Hz, 1H), 4.68 (p, J = 1.2 Hz, 1H), 2.32 (s, 3H), 1.94 (d, J = 
1.0 Hz, 3H). 
13C NMR (126 MHz, CDCl3) δ 153.20, 152.61, 138.38, 136.07, 134.84, 134.06, 130.59, 129.48, 
129.22, 128.98, 127.65, 126.64, 125.94, 125.40, 125.23, 123.90, 102.06, 78.91, 21.35, 19.42. 








(2-methoxyphenyl)(naphthalen-1-yl)methyl prop-1-en-2-yl carbonate (SM-4-261) 
White solid isolated from flash chromatography using: 98:2 hexanes:EtOAc as eluent.  
1H NMR (400 MHz, CDCl3) δ 8.11 – 8.02 (m, 1H), 7.89 (s, 1H), 7.88 – 7.80 (m, 2H), 7.60 (dd, J 
= 7.1, 1.2 Hz, 1H), 7.52 – 7.44 (m, 3H), 7.34 – 7.27 (m, 1H), 7.22 (dd, J = 7.7, 1.7 Hz, 1H), 6.94 
(dd, J = 8.3, 1.0 Hz, 1H), 6.89 (td, J = 7.5, 1.0 Hz, 1H), 4.81 (d, J = 1.5 Hz, 1H), 4.67 (q, J = 1.3 




13C NMR (126 MHz, CDCl3) δ 157.01, 153.22, 152.44, 134.98, 133.91, 130.98, 129.94, 128.98, 
128.84, 128.66, 127.19, 126.54, 125.90, 125.39, 124.78, 123.86, 120.75, 110.91, 101.88, 73.10, 
55.79, 19.41. 






(3-methoxyphenyl)(naphthalen-1-yl)methyl prop-1-en-2-yl carbonate (SM-4-225) 
Colorless oil isolated from flash chromatography using: 98:2 hexanes:EtOAc as eluent.  
1H NMR (400 MHz, CDCl3) δ 8.01 (dt, J = 7.0, 3.6 Hz, 1H), 7.91 – 7.82 (m, 2H), 7.65 (dd, J = 
7.2, 1.1 Hz, 1H), 7.54 – 7.45 (m, 3H), 7.43 (s, 1H), 7.30 – 7.21 (m, 1H), 7.05 – 6.94 (m, 2H), 6.84 
(dd, J = 8.2, 2.5 Hz, 1H), 4.82 (d, J = 1.6 Hz, 1H), 4.70 (q, J = 1.2 Hz, 1H), 3.76 (d, J = 0.9 Hz, 
3H), 1.95 (s, 3H). 
13C NMR (126 MHz, CDCl3) δ 159.88, 153.18, 152.57, 140.61, 134.57, 134.07, 130.68, 129.85, 
129.40, 129.00, 126.72, 125.98, 125.64, 125.38, 123.86, 119.89, 113.68, 113.38, 102.11, 78.77, 
55.40, 19.41. 






(4-chlorophenyl)(naphthalen-1-yl)methyl prop-1-en-2-yl carbonate (SM-4-226) 




1H NMR (400 MHz, CDCl3) δ 7.97 – 7.91 (m, 1H), 7.90 – 7.84 (m, 2H), 7.66 (dd, J = 7.2, 1.1 Hz, 
1H), 7.55 – 7.50 (m, 1H), 7.50 – 7.44 (m, 2H), 7.41 (s, 1H), 7.38 – 7.28 (m, 4H), 4.82 (d, J = 1.6 
Hz, 1H), 4.70 (dt, J = 1.8, 1.1 Hz, 1H), 1.95 (s, 3H). 
13C NMR (126 MHz, CDCl3) δ 153.13, 152.50, 137.62, 134.44, 134.15, 134.11, 130.44, 129.59, 
129.10, 129.01, 129.00, 126.82, 126.09, 125.56, 125.40, 123.73, 102.20, 78.29, 19.38. 







(4-fluorophenyl)(naphthalen-1-yl)methyl prop-1-en-2-yl carbonate (SM-4-273) 
Colorless oil isolated from flash chromatography using: 98:2 hexanes:EtOAc as eluent.  
1H NMR (500 MHz, CDCl3) δ 7.95 – 7.90 (m, 1H), 7.90 – 7.84 (m, 2H), 7.68 (dt, J = 7.2, 1.1 Hz, 
1H), 7.52 (dd, J = 8.3, 7.2 Hz, 1H), 7.49 – 7.46 (m, 1H), 7.46 (d, J = 4.1 Hz, 1H), 7.43 (s, 1H), 
7.39 (dd, J = 8.7, 5.3 Hz, 2H), 7.06 – 6.96 (m, 2H), 4.82 (d, J = 1.6 Hz, 1H), 4.70 (p, J = 1.2 Hz, 
1H), 1.95 (d, J = 1.0 Hz, 3H). 
13C NMR (126 MHz, CDCl3) δ 162.78 (d, J = 247.7 Hz), 153.16, 152.53, 134.91 (d, J = 3.2 Hz), 
134.40, 134.10, 130.43, 129.60 (d, J = 8.3 Hz), 129.47, 129.09, 126.76, 126.06, 125.40, 125.25, 
123.75, 115.76 (d, J = 21.6 Hz), 102.16, 78.32, 19.39. 









naphthalen-1-yl(4-(trifluoromethyl)phenyl)methyl prop-1-en-2-yl carbonate (SM-5-6) 
Colorless oil isolated from flash chromatography using: 97:3 hexanes:EtOAc as eluent.  
1H NMR (400 MHz, CDCl3) δ 7.99 – 7.93 (m, 1H), 7.93 – 7.85 (m, 2H), 7.66 – 7.57 (m, 3H), 7.55 
(s, 3H), 7.47 (s, 3H), 4.82 (d, J = 1.7 Hz, 1H), 4.71 (p, J = 1.4 Hz, 1H), 1.95 (d, J = 1.2 Hz, 3H). 
13C NMR (126 MHz, CDCl3) δ 153.13, 152.49, 143.10, 134.17, 133.89, 130.74, 130.48, 130.53, 
130.22, 129.83, 129.17, 127.67, 126.97, 126.14 (d, J = 12.2 Hz), 125.81 (q, J = 3.6 Hz), 125.43, 
123.66, 102.25, 78.23, 19.36. 







(3-cyanophenyl)(naphthalen-1-yl)methyl prop-1-en-2-yl carbonate (SM-5-58) 
Colorless oil isolated from flash chromatography using: 97:3 hexanes:EtOAc as eluent.  
1H NMR (400 MHz, CDCl3) δ 7.94 – 7.86 (m, 3H), 7.71 (td, J = 1.9, 0.7 Hz, 1H), 7.68 – 7.62 
(m, 2H), 7.58 (s, 1H), 7.56 – 7.52 (m, 1H), 7.52 – 7.46 (m, 2H), 7.44 (d, J = 11.2 Hz, 2H), 4.83 
(d, J = 1.8 Hz, 1H), 4.71 (dq, J = 2.2, 1.2 Hz, 1H), 1.96 (d, J = 1.0 Hz, 3H). 
13C NMR (101 MHz, CDCl3) δ 153.12, 152.41, 140.92, 134.25, 133.44, 132.13, 131.81, 130.97, 
130.38, 130.04, 129.69, 129.28, 127.08, 126.28, 126.05, 125.46, 123.52, 118.64, 113.11, 102.26, 
77.88, 19.35. 









naphthalen-1-yl(4-nitrophenyl)methyl prop-1-en-2-yl carbonate (SM-4-242) 
Colorless oil isolated from flash chromatography using: 97:3 hexanes:EtOAc as eluent.  
1H NMR (400 MHz, CDCl3) δ 8.24 – 8.15 (m, 2H), 7.97 – 7.86 (m, 3H), 7.63 (d, J = 7.1 Hz, 1H), 
7.61 (s, 2H), 7.54 – 7.51 (m, 1H), 7.51 – 7.44 (m, 3H), 4.83 (d, J = 1.8 Hz, 1H), 4.72 (dt, J = 2.2, 
1.1 Hz, 1H), 1.96 (d, J = 1.1 Hz, 3H). 
13C NMR (126 MHz, CDCl3) δ 153.09, 152.41, 147.85, 146.34, 134.25, 133.41, 130.44, 130.15, 
129.27, 128.06, 127.12, 126.48, 126.30, 125.44, 124.06, 123.56, 102.34, 77.99, 19.34. 






(4-methylnaphthalen-1-yl)(phenyl)methyl prop-1-en-2-yl carbonate (SM-4-268) 
White solid isolated from flash chromatography using: 98:2 hexanes:EtOAc as eluent.  
1H NMR (400 MHz, CDCl3) δ 8.08 – 7.95 (m, 2H), 7.54 (d, J = 7.3 Hz, 1H), 7.51 (s, 1H), 7.46 (s, 
1H), 7.45 – 7.38 (m, 3H), 7.37 – 7.32 (m, 2H), 7.32 – 7.28 (m, 2H), 4.81 (d, J = 1.6 Hz, 1H), 4.69 
(q, J = 1.3 Hz, 1H), 2.71 (s, 3H), 1.94 (d, J = 1.1 Hz, 3H). 
13C NMR (126 MHz, CDCl3) δ 153.20, 152.62, 139.25, 135.67, 133.21, 132.87, 130.72, 128.75, 
128.41, 127.52, 126.32, 126.20, 125.82, 125.50, 125.07, 124.48, 102.06, 79.13, 19.86, 19.42. 










(4-fluoronaphthalen-1-yl)(phenyl)methyl prop-1-en-2-yl carbonate (SM-5-55) 
Yellow solid isolated from flash chromatography using: 98:2 hexanes:EtOAc as eluent.  
1H NMR (500 MHz, CDCl3) δ 8.15 (dd, J = 8.0, 1.7 Hz, 1H), 8.03 – 7.96 (m, 1H), 7.60 – 7.55 (m, 
1H), 7.55 – 7.49 (m, 2H), 7.42 – 7.37 (m, 3H), 7.37 – 7.33 (m, 2H), 7.32 (d, J = 7.0 Hz, 1H), 7.16 
(dd, J = 10.1, 8.0 Hz, 1H), 4.82 (d, J = 1.7 Hz, 1H), 4.74 – 4.65 (m, 1H), 1.95 (d, J = 1.2 Hz, 3H). 
13C NMR (126 MHz, CDCl3) δ 159.26 (d, J = 253.6 Hz), 153.16, 152.56, 138.90, 132.09 (d, J = 
4.5 Hz), 130.67 (d, J = 4.5 Hz), 128.84, 128.57, 127.69, 127.40, 126.35 (d, J = 1.5 Hz), 125.97 (d, 
J = 9.0 Hz), 124.30 (d, J = 16.3 Hz), 123.97 (d, J = 2.5 Hz), 121.49 (d, J = 5.7 Hz), 108.90 (d, J = 
20.1 Hz), 102.14, 78.68, 19.39. 







(2-methylnaphthalen-1-yl)(phenyl)methyl prop-1-en-2-yl carbonate (SM-4-277) 
Yellow solid isolated from flash chromatography using: 98:2 hexanes:EtOAc as eluent.  
1H NMR (500 MHz, CDCl3) δ 8.00 (d, J = 8.5 Hz, 1H), 7.84 – 7.76 (m, 2H), 7.64 (s, 1H), 7.40 – 
7.34 (m, 2H), 7.32 (dd, J = 8.8, 1.7 Hz, 1H), 7.31 – 7.26 (m, 3H), 7.22 (dt, J = 8.3, 1.3 Hz, 2H), 
4.78 (d, J = 1.5 Hz, 1H), 4.72 – 4.62 (m, 1H), 2.67 (s, 3H), 1.92 (d, J = 1.0 Hz, 3H). 
13C NMR (126 MHz, CDCl3) δ 153.22, 153.10, 139.32, 136.27, 133.40, 131.66, 131.23, 129.59, 











(4-chlorophenyl)(phenanthren-9-yl)methyl prop-1-en-2-yl carbonate (SM-5-42) 
White solid isolated from flash chromatography using: 98:2 hexanes:EtOAc as eluent.  
1H NMR (500 MHz, CDCl3) δ 8.74 (d, J = 8.5 Hz, 1H), 8.69 (d, J = 8.4 Hz, 1H), 7.99 – 7.87 (m, 
3H), 7.73 – 7.67 (m, 1H), 7.64 (dd, J = 5.0, 3.2 Hz, 2H), 7.54 (d, J = 1.3 Hz, 1H), 7.41 (d, J = 8.5 
Hz, 3H), 7.34 – 7.27 (m, 1H), 7.24 (s, 1H), 4.89 – 4.77 (m, 1H), 4.77 – 4.62 (m, 1H), 1.96 (d, J = 
10.8 Hz, 3H). 
13C NMR (126 MHz, CDCl3) δ 153.17, 152.53, 137.29, 134.64, 132.30, 131.15, 131.12, 130.77, 
129.33, 129.27, 129.17, 129.10, 127.60, 127.20, 127.09, 126.83, 126.80, 124.75, 123.52, 122.73, 
102.26, 78.69, 19.40. 






benzo[b]thiophen-3-yl(phenyl)methyl prop-1-en-2-yl carbonate (SM-4-276) 
Colorless oil isolated from flash chromatography using: 98:2 hexanes:EtOAc as eluent.  
1H NMR (500 MHz, CDCl3) δ 7.89 – 7.81 (m, 1H), 7.72 – 7.65 (m, 1H), 7.50 – 7.45 (m, 2H), 7.43 
(d, J = 0.9 Hz, 1H), 7.41 – 7.35 (m, 3H), 7.34 (dd, J = 3.4, 1.5 Hz, 1H), 7.33 – 7.29 (m, 1H), 7.10 




13C NMR (126 MHz, CDCl3) δ 153.16, 152.53, 140.89, 138.08, 137.07, 134.17, 128.86, 128.82, 







White solid isolated from flash chromatography using: 98:2 hexanes:EtOAc as eluent.  
1H NMR (400 MHz, CDCl3) δ 8.12 (d, J = 8.5 Hz, 1H), 7.57 (s, 1H), 7.53 – 7.46 (m, 2H), 7.43 (d, 
J = 7.9 Hz, 1H), 7.38 (d, J = 6.6 Hz, 1H), 7.37 – 7.32 (m, 2H), 7.32 – 7.27 (m, 1H), 7.17 (t, J = 7.6 
Hz, 1H), 6.99 (s, 1H), 4.81 (d, J = 1.6 Hz, 1H), 4.70 (d, J = 1.8 Hz, 1H), 1.95 (s, 3H), 1.66 (s, 9H). 
13C NMR (126 MHz, CDCl3) δ 153.18, 152.60, 149.75, 138.27, 135.94, 128.80, 128.69, 128.39, 
127.25, 125.06, 124.91, 123.02, 120.14, 119.35, 115.52, 102.13, 84.29, 75.73, 28.36, 19.42. 




phenyl(quinolin-4-yl)methyl prop-1-en-2-yl carbonate (SM-5-10) 
Yellow solid isolated from flash chromatography using: 97:3 hexanes:EtOAc as eluent.  
1H NMR (500 MHz, CDCl3) δ 8.99 (d, J = 4.5 Hz, 1H), 8.14 (dd, J = 8.2, 1.2 Hz, 1H), 7.93 (dd, 
J = 8.6, 1.4 Hz, 1H), 7.69 (ddd, J = 8.4, 6.8, 1.4 Hz, 1H), 7.66 (dd, J = 4.5, 0.8 Hz, 1H), 7.50 (ddd, 
J = 8.3, 6.9, 1.3 Hz, 1H), 7.45 – 7.39 (m, 3H), 7.37 – 7.31 (m, 3H), 4.83 (d, J = 1.8 Hz, 1H), 4.72 




13C NMR (126 MHz, CDCl3) δ 153.11, 152.33, 150.43, 148.70, 144.17, 137.55, 130.61, 129.55, 
129.22, 129.08, 128.02, 127.25, 125.34, 123.68, 118.63, 102.29, 77.60, 19.35. 




benzofuran-2-yl(phenyl)methyl prop-1-en-2-yl carbonate (SM-4-295) 
Colorless oil isolated from flash chromatography using: 97:3 hexanes:EtOAc as eluent.  
1H NMR (400 MHz, CDCl3) δ 7.54 (ddd, J = 8.2, 7.2, 1.8 Hz, 3H), 7.49 – 7.44 (m, 1H), 7.41 (dd, 
J = 8.0, 2.0 Hz, 3H), 7.32 – 7.27 (m, 1H), 7.24 – 7.18 (m, 1H), 6.84 (d, J = 2.0 Hz, 1H), 6.62 (dt, 
J = 2.0, 1.0 Hz, 1H), 4.84 (d, J = 1.8 Hz, 1H), 4.71 (h, J = 1.2 Hz, 1H), 1.97 (t, J = 1.4 Hz, 3H). 
13C NMR (126 MHz, CDCl3) δ 155.51, 154.14, 153.15, 152.28, 136.24, 129.20, 128.90, 127.79, 
127.59, 125.04, 123.16, 121.54, 111.75, 106.66, 102.19, 75.22, 19.37. 






naphthalen-2-yl(phenyl)methyl prop-1-en-2-yl carbonate (4.57) 
Colorless oil isolated from flash chromatography using: 98:2 hexanes:EtOAc as eluent.  
1H NMR (500 MHz, CDCl3) δ 7.91 (d, J = 1.8 Hz, 1H), 7.82 (dd, J = 9.8, 4.7 Hz, 3H), 7.53 – 7.46 
(m, 2H), 7.44 (dt, J = 8.1, 1.6 Hz, 3H), 7.39 – 7.34 (m, 2H), 7.32 (d, J = 7.2 Hz, 1H), 6.89 (s, 1H), 
4.82 (d, J = 1.7 Hz, 1H), 4.70 (p, J = 1.3 Hz, 1H), 1.96 (d, J = 1.1 Hz, 3H). 
13C NMR (126 MHz, CDCl3) δ 153.17, 152.48, 139.46, 136.88, 133.24, 133.23, 128.81, 128.73, 









phenyl(p-tolyl)methyl prop-1-en-2-yl carbonate (4.56) 
Colorless liquid isolated from flash chromatography using: 98:2 hexanes:EtOAc as eluent.  
1H NMR (500 MHz, CDCl3) δ 7.40 – 7.36 (m, 3H), 7.36 – 7.32 (m, 1H), 7.30 (d, J = 7.0 Hz, 1H), 
7.28 (d, J = 1.8 Hz, 1H), 7.26 (d, J = 2.2 Hz, 1H), 7.16 (d, J = 7.9 Hz, 2H), 6.70 (s, 1H), 4.80 (d, 
J = 1.6 Hz, 1H), 4.68 (p, J = 1.2 Hz, 1H), 2.34 (s, 3H), 1.95 (d, J = 1.0 Hz, 3H). 
13C NMR (126 MHz, CDCl3) δ 153.17, 152.47, 139.77, 138.23, 136.67, 129.46, 128.74, 128.26, 
127.20, 127.04, 102.06, 81.22, 21.34, 19.40. 







naphthalen-1-yl(phenyl)methyl 1H-imidazole-1-carboxylate (SM-4-299) 
Colorless oil isolated from flash chromatography using: 95:5 hexanes:EtOAc as eluent.  
1H NMR (400 MHz, CDCl3) δ 8.22 (t, J = 1.1 Hz, 1H), 8.01 – 7.95 (m, 1H), 7.94 – 7.87 (m, 2H), 
7.76 (s, 1H), 7.62 (d, J = 7.3 Hz, 1H), 7.52 (d, J = 1.1 Hz, 1H), 7.49 (tt, J = 3.5, 1.8 Hz, 3H), 7.45 
– 7.39 (m, 2H), 7.39 – 7.33 (m, 3H), 7.10 – 7.05 (m, 1H). 
13C NMR (126 MHz, CDCl3) δ 148.29, 138.07, 137.36, 134.19, 133.54, 131.02, 130.64, 129.97, 
129.21, 129.03, 128.98, 127.58, 127.02, 126.25, 126.05, 125.34, 123.69, 117.40, 79.35. 










3,4-dihydronaphthalen-1-yl (naphthalen-1-yl(phenyl)methyl) carbonate (4.59) 
Colorless oil isolated from flash chromatography using: 98:2 hexanes:EtOAc as eluent.  
1H NMR (500 MHz, CDCl3) δ 8.01 (dd, J = 7.3, 2.3 Hz, 1H), 7.92 – 7.83 (m, 2H), 7.67 (d, J = 7.1 
Hz, 1H), 7.55 – 7.40 (m, 6H), 7.39 – 7.28 (m, 3H), 7.19 – 7.11 (m, 2H), 7.11 – 7.01 (m, 2H), 5.79 
(s, 1H), 2.92 – 2.76 (m, 2H), 2.52 – 2.29 (m, 2H). 
13C NMR (126 MHz, CDCl3) δ 153.19, 146.37, 138.93, 136.50, 134.61, 134.11, 130.72, 130.21, 
129.43, 129.02, 128.79, 128.53, 128.22, 127.70, 127.60, 126.71, 126.64, 126.00, 125.81, 125.38, 
123.94, 120.80, 115.43, 79.42, 27.53, 22.11. 






2-methyl-1H-inden-3-yl (naphthalen-1-yl(phenyl)methyl) carbonate (4.60) 
Colorless oil isolated from flash chromatography using: 98:2 hexanes:EtOAc as eluent.  
1H NMR (500 MHz, CDCl3) δ 8.02 (d, J = 7.9 Hz, 1H), 7.88 (dd, J = 6.8, 3.0 Hz, 2H), 7.71 (d, J 
= 7.2 Hz, 1H), 7.57 – 7.52 (m, 2H), 7.48 (ddd, J = 7.0, 4.5, 1.9 Hz, 4H), 7.40 – 7.35 (m, 2H), 7.33 
(d, J = 7.7 Hz, 2H), 7.17 (d, J = 7.4 Hz, 1H), 7.16 – 7.09 (m, 1H), 6.98 (d, J = 7.4 Hz, 1H), 3.30 
(s, 2H), 1.95 (d, J = 1.4 Hz, 3H). 
13C NMR (126 MHz, CDCl3) δ 152.33, 144.70, 140.14, 139.43, 138.86, 134.58, 134.12, 130.71, 
129.47, 129.04, 128.84, 128.63, 128.62, 127.66, 126.74, 126.48, 126.03, 125.60, 125.40, 124.91, 




HRMS calcd for C28H22O3Na [M+Na] 429.1467, found 429.146534. 
 
 




       (Z)-naphthalen-1-yl(phenyl)methyl (1-phenylprop-1-en-1-yl) carbonate (SM-5-63)  
White solid isolated from flash chromatography using: 98:2 hexanes:EtOAc as eluent.  
1H NMR (500 MHz, CDCl3) δ 7.99 (dd, J = 8.5, 1.5 Hz, 1H), 7.90 – 7.83 (m, 2H), 7.61 (d, J = 7.1 
Hz, 1H), 7.51 – 7.45 (m, 4H), 7.45 (d, J = 1.5 Hz, 1H), 7.40 (dd, J = 7.7, 1.8 Hz, 2H), 7.39 – 7.36 
(m, 2H), 7.33 (ddd, J = 8.7, 7.3, 5.9 Hz, 3H), 7.27 (d, J = 6.3 Hz, 2H), 5.90 – 5.78 (m, 1H), 1.69 
(d, J = 6.9 Hz, 3H). 
13C NMR (101 MHz, CDCl3) δ 152.55, 147.68, 138.95, 134.85, 134.68, 134.12, 130.78, 129.41, 
129.00, 128.76, 128.69, 128.51, 128.33, 127.55, 126.69, 125.99, 125.72, 125.34, 124.47, 123.92, 
113.01, 79.38, 11.40. 









(Z)-naphthalen-1-yl(phenyl)methyl (1-phenylbut-1-en-1-yl) carbonate (SM-5-66) 
Colorless oil isolated from flash chromatography using: 98:2 hexanes:EtOAc as eluent.  
1H NMR (400 MHz, CDCl3) δ 8.01 – 7.95 (m, 1H), 7.91 – 7.83 (m, 2H), 7.63 – 7.57 (m, 1H), 7.52 
– 7.41 (m, 4H), 7.38 (ddd, J = 7.7, 4.7, 2.0 Hz, 4H), 7.34 – 7.30 (m, 2H), 7.29 – 7.23 (m, 4H), 5.75 




13C NMR (101 MHz, CDCl3) δ 152.70, 146.38, 138.94, 134.87, 134.66, 134.11, 130.77, 129.39, 
128.99, 128.75, 128.68, 128.49, 128.34, 127.55, 126.67, 125.98, 125.73, 125.33, 124.55, 123.94, 
120.07, 79.40, 19.49, 13.58. 





(Z)-naphthalen-1-yl(phenyl)methyl (1-phenylhept-1-en-1-yl) carbonate (SM-5-74) 
White solid isolated from flash chromatography using: 98:2 hexanes:EtOAc as eluent.  
1H NMR (400 MHz, CDCl3) δ 8.00 (dd, J = 7.8, 1.9 Hz, 1H), 7.91 – 7.83 (m, 2H), 7.61 (d, J = 7.1 
Hz, 1H), 7.53 – 7.44 (m, 4H), 7.43 – 7.37 (m, 4H), 7.37 – 7.30 (m, 3H), 7.30 – 7.26 (m, 3H), 5.78 
(t, J = 7.4 Hz, 1H), 2.09 (q, J = 7.5 Hz, 2H), 1.36 (h, J = 7.6 Hz, 2H), 1.31 – 1.13 (m, J = 3.6 Hz, 
4H), 0.86 (t, J = 6.7 Hz, 3H). 
13C NMR (126 MHz, CDCl3) δ 152.66, 146.67, 138.90, 134.86, 134.62, 134.08, 130.73, 129.38, 
128.98, 128.73, 128.67, 128.47, 128.30, 127.53, 126.66, 125.97, 125.73, 125.31, 124.50, 123.91, 
118.70, 79.35, 31.63, 28.70, 26.02, 22.56, 14.18. 




(Z)-4-methylpent-2-en-3-yl (naphthalen-1-yl(phenyl)methyl) carbonate (SM-5-79) 




1H NMR (400 MHz, CDCl3) δ 8.06 – 7.98 (m, 1H), 7.91 – 7.82 (m, 2H), 7.65 (d, J = 7.1 Hz, 
1H), 7.54 – 7.40 (m, 6H), 7.39 – 7.27 (m, 3H), 5.07 (q, J = 6.8 Hz, 1H), 2.43 (hept, J = 7.1 Hz, 
1H), 1.42 (dd, J = 6.9, 1.3 Hz, 3H), 1.02 (dd, J = 6.9, 2.8 Hz, 6H). 
13C NMR (126 MHz, CDCl3) δ 154.75, 152.61, 139.13, 134.89, 134.07, 130.76, 129.29, 128.99, 
128.75, 128.46, 127.59, 126.65, 125.97, 125.51, 125.35, 123.89, 109.02, 78.80, 32.24, 20.32, 
10.63. 






(Z)-1-(3-chlorophenyl)prop-1-en-1-yl (naphthalen-1-yl(phenyl)methyl) carbonate (SM-5-85) 
Yellow oil isolated from flash chromatography using: 98:2 hexanes:EtOAc as eluent.  
1H NMR (400 MHz, CDCl3) δ 8.01 – 7.94 (m, 1H), 7.91 – 7.83 (m, 2H), 7.61 (d, J = 7.1 Hz, 1H), 
7.54 – 7.44 (m, 4H), 7.43 – 7.38 (m, 2H), 7.38 – 7.30 (m, 4H), 7.25 – 7.15 (m, 3H), 5.86 (d, J = 
7.0 Hz, 1H), 1.69 (d, J = 7.0 Hz, 3H). 
13C NMR (126 MHz, CDCl3) δ 152.41, 146.37, 138.71, 136.69, 134.78, 134.47, 134.09, 130.71, 
129.96, 129.48, 129.03, 128.83, 128.61, 128.36, 127.52, 126.76, 126.04, 125.64, 125.35, 124.63, 
123.78, 122.57, 114.56, 79.58, 11.48. 











(Z)-naphthalen-1-yl(phenyl)methyl (1,1,1-trifluorobut-2-en-2-yl) carbonate (SM-5-86) 
Colorless oil isolated from flash chromatography using: 97:3 hexanes:EtOAc as eluent.  
1H NMR (400 MHz, CDCl3) δ 8.05 – 7.96 (m, 1H), 7.95 – 7.84 (m, 2H), 7.69 (d, J = 7.1 Hz, 1H), 
7.54 (s, 2H), 7.52 – 7.48 (m, 2H), 7.48 – 7.43 (m, 2H), 7.37 (d, J = 7.8 Hz, 3H), 6.16 (q, J = 7.1 
Hz, 1H), 1.59 (dd, J = 7.1, 2.5 Hz, 3H). 
13C NMR (126 MHz, CDCl3) δ 151.43, 138.32, 136.58 (q, J = 36.6 Hz), 134.06 (d, J = 4.5 Hz), 
130.57, 129.59, 129.07, 128.86, 128.79, 127.58, 126.81, 126.09, 125.39 (d, J = 12.4 Hz), 123.67, 
121.83 (q, J = 3.3 Hz), 120.89, 118.73, 80.41, 77.20, 10.69. 
HRMS calcd for C22H17F3O3 [M+] 386.1130, found 386.1129. 
 








Yellow oil isolated from flash chromatography using: 96:4 hexanes:EtOAc as eluent.  
1H NMR (400 MHz, Chloroform-d) δ 7.89 – 7.82 (m, 1H), 7.44 – 7.39 (m, 3H), 7.38 (s, 1H), 7.33 
– 7.27 (m, 3H), 7.24 (d, J = 2.7 Hz, 1H), 7.17 (s, 1H), 6.92 (d, J = 10.1 Hz, 1H), 6.19 (ddd, J = 
10.2, 5.0, 1.6 Hz, 1H), 4.14 (dt, J = 9.5, 5.0 Hz, 1H), 2.86 (dd, J = 17.0, 5.0 Hz, 1H), 2.73 (dd, J = 
17.1, 8.8 Hz, 1H), 2.12 (s, 3H).  
13C NMR (101 MHz, CDCl3) δ 207.22, 138.33, 137.63, 133.89, 131.97, 131.04, 129.62, 128.44, 
128.34, 127.77, 127.08, 126.86, 125.08, 123.64, 123.17, 53.14, 36.73, 30.82.  





1D selective NOESY and COSY for product 4.2 are provided in the next two pages to support for 
the (E)-configuration of 4.2.2  
 


















Yellow oil isolated from flash chromatography using: 96:4 hexanes:EtOAc as eluent.  
1H NMR (400 MHz, Chloroform-d) δ 7.89 – 7.83 (m, 1H), 7.36 – 7.30 (m, 2H), 7.29 (d, J = 4.5 




(dd, J = 10.1, 1.2 Hz, 1H), 6.19 (ddd, J = 10.1, 5.0, 1.7 Hz, 1H), 4.14 (dt, J = 9.6, 5.0 Hz, 1H), 
2.86 (dd, J = 17.0, 4.9 Hz, 1H), 2.74 (dd, J = 17.0, 8.8 Hz, 1H), 2.39 (s, 3H), 2.13 (s, 3H). 
 13C NMR (126 MHz, CDCl3) δ 207.32, 138.18, 136.89, 134.64, 133.99, 131.57, 130.44, 129.50, 
129.13, 128.29, 127.60, 126.78, 125.15, 123.64, 123.06, 53.14, 36.68, 30.80, 21.41. 






Yellow oil isolated from flash chromatography using: 95:5 hexanes:EtOAc as eluent.  
1H NMR (400 MHz, Chloroform-d) δ 7.92 (dd, J = 7.3, 1.9 Hz, 1H), 7.38 (dd, J = 7.3, 1.5 Hz, 
1H), 7.33 – 7.27 (m, 3H), 7.26 (s, 1H), 7.25 (q, J = 1.8 Hz, 1H), 6.97 (td, J = 7.6, 1.1 Hz, 1H), 6.92 
(dd, J = 8.3, 1.0 Hz, 1H), 6.89 – 6.83 (m, 1H), 6.13 (ddd, J = 10.2, 4.9, 1.7 Hz, 1H), 4.14 (dt, J = 
9.6, 5.0 Hz, 1H), 3.87 (s, 3H), 2.86 (dd, J = 17.0, 4.9 Hz, 1H), 2.73 (dd, J = 17.0, 8.9 Hz, 1H), 2.12 
(s, 3H). 
 13C NMR (126 MHz, CDCl3) δ 207.41, 157.78, 138.10, 133.99, 131.22, 131.02, 130.53, 128.65, 
128.24, 127.61, 126.76, 126.43, 125.39, 123.46, 120.25, 119.56, 110.63, 55.65, 53.20, 36.65, 
30.84.  









Yellow oil isolated from flash chromatography using: 95:5 hexanes:EtOAc as eluent.  
1H NMR (400 MHz, Chloroform-d) δ 7.89 – 7.81 (m, 1H), 7.31 (d, J = 8.0 Hz, 1H), 7.29 – 7.27 
(m, 1H), 7.26 (d, J = 1.1 Hz, 2H), 7.14 (s, 1H), 7.04 – 6.98 (m, 1H), 6.94 (dt, J = 9.3, 1.3 Hz, 2H), 
6.86 – 6.79 (m, 1H), 6.19 (ddd, J = 10.1, 5.0, 1.7 Hz, 1H), 4.14 (dt, J = 9.7, 5.1 Hz, 1H), 3.84 (s, 
3H), 2.86 (dd, J = 17.1, 5.0 Hz, 1H), 2.73 (dd, J = 17.2, 8.9 Hz, 1H), 2.12 (s, 3H). 
 13C NMR (126 MHz, CDCl3) δ 207.26, 159.63, 138.99, 138.34, 133.78, 132.05, 131.24, 129.40, 
128.33, 127.79, 126.84, 125.07, 123.42, 123.16, 122.19, 115.16, 112.53, 55.44, 53.10, 36.65, 
30.82. 







Yellow oil isolated from flash chromatography using: 96:4 hexanes:EtOAc as eluent.  
1H NMR (400 MHz, Chloroform-d) δ 7.79 – 7.72 (m, 1H), 7.26 (s, 3H), 7.24 – 7.20 (m, 2H), 7.18 




4.07 (dt, J = 9.8, 5.1 Hz, 1H), 2.79 (dd, J = 17.1, 4.9 Hz, 1H), 2.65 (dd, J = 17.1, 8.9 Hz, 1H), 2.05 
(s, 3H). 
 13C NMR (126 MHz, CDCl3) δ 207.12, 138.34, 136.03, 133.53, 132.75, 132.60, 131.51, 130.83, 
128.60, 128.34, 127.94, 126.88, 124.61, 123.11, 122.14, 53.02, 36.64, 30.77. 






Yellow oil isolated from flash chromatography using: 96:4 hexanes:EtOAc as eluent.  
1H NMR (400 MHz, Chloroform-d) δ 7.88 – 7.77 (m, 1H), 7.36 (ddd, J = 8.6, 5.6, 2.6 Hz, 2H), 
7.31 – 7.26 (m, 2H), 7.24 (d, J = 2.9 Hz, 1H), 7.14 – 7.08 (m, 1H), 7.08 – 7.02 (m, 2H), 6.85 (d, J 
= 10.0 Hz, 1H), 6.20 (ddt, J = 7.6, 4.3, 2.1 Hz, 1H), 4.14 (dt, J = 9.5, 5.0 Hz, 1H), 2.86 (dd, J = 
17.1, 4.9 Hz, 1H), 2.73 (dd, J = 17.1, 8.9 Hz, 1H), 2.12 (d, J = 5.2 Hz, 2H). 
 13C NMR (126 MHz, CDCl3) δ 207.18, 161.90 (d, J = 247.0 Hz), 138.27, 133.67, 133.58 (d, J = 
3.5 Hz), 132.25, 131.16 (d, J = 8.0 Hz), 131.01, 128.34, 127.84, 126.86, 124.71, 123.06, 122.37, 
115.39 (d, J = 21.3 Hz), 53.08, 36.66, 30.79.  









Yellow oil isolated from flash chromatography using: 95:5 hexanes:EtOAc as eluent.  
1H NMR (400 MHz, Chloroform-d) δ 7.89 – 7.82 (m, 1H), 7.62 (d, J = 8.1 Hz, 2H), 7.50 (d, J = 
8.1 Hz, 2H), 7.31 (dt, J = 6.9, 2.3 Hz, 2H), 7.28 (d, J = 1.9 Hz, 1H), 7.15 (s, 1H), 6.89 – 6.81 (m, 
1H), 6.26 (ddd, J = 10.1, 5.0, 1.8 Hz, 1H), 4.16 (dt, J = 9.4, 4.9 Hz, 1H), 2.88 (dd, J = 17.2, 4.9 
Hz, 1H), 2.74 (dd, J = 17.1, 8.8 Hz, 1H), 2.13 (d, J = 2.0 Hz, 3H). 
 13C NMR (126 MHz, CDCl3) δ 207.01, 141.32, 138.54, 133.35, 133.26, 132.63, 129.76, 129.57 
(d, J = 12.7 Hz), 128.92 (d, J = 6.4 Hz), 128.52, 128.31 (d, J = 22.5 Hz), 126.97, 125.34 (q, J = 3.8 
Hz), 124.41, 123.24, 121.78, 52.96, 36.63, 30.77. 






Yellow oil isolated from flash chromatography using: 95:5 hexanes:EtOAc as eluent.  
1H NMR (500 MHz, CDCl3) δ 7.82 (dd, J = 5.9, 3.4 Hz, 1H), 7.66 (d, J = 1.8 Hz, 1H), 7.60 (dt, J 
= 7.9, 1.5 Hz, 1H), 7.52 (dt, J = 7.8, 1.6 Hz, 1H), 7.46 (t, J = 7.7 Hz, 1H), 7.30 (dt, J = 7.1, 3.6 Hz, 
2H), 7.28 – 7.23 (m, 1H), 7.06 (s, 1H), 6.76 (d, J = 10.2 Hz, 1H), 6.27 (ddd, J = 10.2, 4.9, 1.7 Hz, 
1H), 4.15 (dt, J = 10.8, 5.7 Hz, 1H), 2.86 (dd, J = 17.3, 4.9 Hz, 1H), 2.72 (dd, J = 17.3, 8.8 Hz, 




13C NMR (101 MHz, CDCl3) δ 206.81, 138.96, 138.60, 133.95, 133.83, 133.01, 132.96, 132.93, 
130.31, 129.27, 128.42, 128.34, 127.00, 123.98, 123.20, 120.62, 119.01, 112.70, 52.87, 36.62, 
30.72.  






Yellow solid isolated from flash chromatography using: 95:5 hexanes:EtOAc as eluent.  
1H NMR (400 MHz, CDCl3) δ 8.12 (d, J = 8.7 Hz, 2H), 7.96 – 7.83 (m, 2H), 7.57 – 7.41 (m, 2H), 
7.39 – 7.26 (m, 4H), 4.53 (s, 2H), 4.14 (s, 2H), 2.16 (s, J = 2.9 Hz, 3H). 
13C NMR (126 MHz, CDCl3) δ 206.88, 148.52, 146.71, 134.88, 132.90, 132.37, 131.08, 129.58, 
128.14, 127.60, 126.67, 126.54, 124.96, 124.82, 123.96, 49.35, 39.22, 29.33. 










1H NMR (400 MHz, CDCl3) δ 7.89 (s, 1H), 7.44 (s, 1H), 7.43 – 7.37 (m, 4H), 7.32 (s, 3H), 7.21 
(d, J = 1.7 Hz, 1H), 6.91 (dd, J = 10.2, 0.9 Hz, 1H), 5.96 (dd, J = 10.3, 1.7 Hz, 1H), 3.02 (d, J = 
14.3 Hz, 1H), 2.72 (d, J = 14.4 Hz, 1H), 1.81 (s, 3H), 1.52 (s, 3H). 
13C NMR (126 MHz, CDCl3) δ 207.46, 141.47, 137.60, 136.90, 132.86, 130.61, 129.66, 128.43, 
128.04, 127.07, 126.86, 126.53, 123.95, 123.22, 123.11, 57.55, 39.67, 31.34, 30.79. 






Yellow oil isolated from flash chromatography using: 94:6 hexanes:EtOAc as eluent.  
1H NMR (400 MHz, CDCl3) δ 7.54 (d, J = 7.8 Hz, 1H), 7.45 – 7.32 (m, 4H), 7.32 – 7.23 (m, 1H), 
7.23 – 7.17 (m, 2H), 7.11 (ddd, J = 8.1, 5.0, 3.2 Hz, 1H), 7.00 (d, J = 2.0 Hz, 1H), 5.28 (dd, J = 
10.9, 2.4 Hz, 1H), 3.01 (dd, J = 18.5, 2.9 Hz, 1H), 2.91 (dd, J = 18.5, 11.0 Hz, 1H), 2.12 (s, 3H).  
13C NMR (126 MHz, CDCl3) δ 206.67, 143.42, 142.44, 137.47, 136.27, 129.59, 129.15, 128.47, 
127.64, 124.65, 123.03, 122.64, 121.79, 49.97, 44.89, 30.47.  










Yellow solid isolated from flash chromatography using: 95:5 hexanes:EtOAc as eluent.  
1H NMR (400 MHz, CDCl3) δ 7.46 – 7.40 (m, 2H), 7.37 (dd, J = 8.5, 3.1 Hz, 4H), 7.23 – 7.15 (m, 
6H), 7.15 – 7.04 (m, 6H), 6.55 (s, 1H), 6.32 (d, J = 1.0 Hz, 1H), 5.03 (s, 1H), 4.99 (s, 1H). 
13C NMR (126 MHz, CDCl3) δ 158.78, 158.00, 154.78, 140.20, 139.54, 128.82, 128.65, 128.59, 
128.56, 128.41, 128.29, 127.14, 126.98, 123.61, 123.54, 122.62, 122.55, 120.81, 120.72, 111.15, 






White solid isolated from flash chromatography using: 94:6 hexanes:EtOAc as eluent.  
1H NMR (400 MHz, CDCl3) δ 8.05 (dd, J = 8.0, 1.7 Hz, 1H), 7.91 (dd, J = 7.8, 1.7 Hz, 1H), 7.50 
(dddd, J = 15.1, 8.2, 6.9, 1.5 Hz, 2H), 7.34 (d, J = 7.2 Hz, 1H), 7.32 – 7.24 (m, 3H), 7.21 (dt, J = 
9.3, 3.0 Hz, 3H), 4.46 (s, 2H), 4.11 (s, 2H), 2.14 (s, 3H).  
13C NMR (126 MHz, CDCl3) δ 207.29, 140.55, 136.81, 132.72, 132.68, 130.19, 128.93, 128.65, 
128.15, 127.21, 126.37, 126.29, 126.16, 125.21, 124.67, 49.50, 39.23, 29.16.  









White solid isolated from flash chromatography using: 94:6 hexanes:EtOAc as eluent.  
1H NMR (400 MHz, CDCl3) δ 8.29 – 8.17 (m, 1H), 8.13 – 7.98 (m, 1H), 7.78 – 7.55 (m, 2H), 7.49 
(d, J = 7.1 Hz, 1H), 7.45 – 7.34 (m, 1H), 7.26 (s, 4H), 4.57 (s, 2H), 4.26 (s, 2H), 2.48 (s, 3H), 2.29 
(s, 3H).  
13C NMR (126 MHz, CDCl3) δ 207.35, 137.45, 137.10, 135.77, 132.71, 132.70, 130.09, 129.34, 
128.81, 128.16, 127.11, 126.34, 126.13, 125.22, 124.65, 49.51, 38.80, 29.15, 21.18.  






White solid isolated from flash chromatography using: 94:6 hexanes:EtOAc as eluent.  
1H NMR (500 MHz, CDCl3) δ 8.09 – 8.01 (m, 1H), 7.90 (dd, J = 8.4, 4.5 Hz, 1H), 7.54 – 7.43 (m, 
2H), 7.31 (t, J = 6.3 Hz, 1H), 7.21 (td, J = 8.7, 8.1, 5.7 Hz, 2H), 6.96 – 6.89 (m, 1H), 6.85 (td, J = 
6.5, 5.5, 1.9 Hz, 1H), 6.83 – 6.75 (m, 1H), 4.42 (d, J = 5.1 Hz, 2H), 4.10 (d, J = 5.3 Hz, 2H), 3.89 
(d, J = 5.4 Hz, 3H), 2.12 (s, J = 5.4 Hz, 3H).  
13C NMR (126 MHz, CDCl3) δ 207.48, 157.31, 136.81, 132.92, 132.63, 130.25, 129.87, 128.84, 
128.23, 127.54, 126.92, 126.30, 126.04, 125.34, 124.60, 120.65, 110.29, 55.56, 49.58, 32.75, 
29.17.  









White solid isolated from flash chromatography using: 94:6 hexanes:EtOAc as eluent.  
1H NMR (500 MHz, CDCl3) δ 8.07 – 8.01 (m, 1H), 7.94 – 7.86 (m, 1H), 7.55 – 7.44 (m, 2H), 7.33 
(d, J = 7.1 Hz, 1H), 7.27 – 7.23 (m, 1H), 7.22 – 7.15 (m, 1H), 6.80 (dt, J = 7.7, 1.1 Hz, 1H), 6.75 
(dd, J = 6.8, 1.1 Hz, 2H), 4.42 (s, 2H), 4.10 (s, 2H), 3.75 (s, 3H), 2.13 (s, 3H). 
13C NMR (126 MHz, CDCl3) δ 207.35, 159.90, 142.23, 136.66, 132.74, 130.24, 129.62, 128.16, 
127.23, 126.40, 126.20, 125.20, 124.68, 121.42, 114.97, 111.37, 55.30, 49.55, 39.28, 29.18. 






White solid isolated from flash chromatography using: 94:6 hexanes:EtOAc as eluent.  
1H NMR (400 MHz, CDCl3) δ 7.98 (dd, J = 8.1, 1.6 Hz, 1H), 7.91 (dd, J = 8.0, 1.6 Hz, 1H), 7.57 
– 7.44 (m, 2H), 7.34 (d, J = 7.1 Hz, 1H), 7.30 – 7.21 (m, 3H), 7.18 – 7.08 (m, 2H), 4.41 (s, 2H), 
4.12 (s, 2H), 2.15 (s, 3H).  
13C NMR (126 MHz, CDCl3) δ 207.15, 139.06, 136.21, 132.78, 132.53, 132.07, 130.50, 130.23, 










White solid isolated from flash chromatography using: 94:6 hexanes:EtOAc as eluent.  
1H NMR (400 MHz, CDCl3) δ 8.00 (d, J = 1.6 Hz, 1H), 7.92 (dd, J = 8.0, 1.5 Hz, 1H), 7.51 (ddd, 
J = 9.5, 7.9, 1.4 Hz, 2H), 7.34 (d, J = 7.1 Hz, 1H), 7.24 (d, J = 7.2 Hz, 1H), 7.16 (dd, J = 8.4, 5.6 
Hz, 2H), 6.97 (t, J = 8.7 Hz, 2H), 4.42 (s, 2H), 4.12 (s, 2H), 2.15 (s, 3H).  
13C NMR (126 MHz, CDCl3) δ 207.14, 161.54 (d, J = 244.2 Hz), 136.59, 136.16 (d, J = 3.3 Hz), 
132.76, 132.54, 130.38, 130.26 (d, J = 7.8 Hz), 128.13, 127.14, 126.43, 126.23, 125.06, 124.75, 
115.42 (d, J = 21.4 Hz), 49.43, 38.42, 29.20.  






White solid isolated from flash chromatography using: 95:5 hexanes:EtOAc as eluent.  
1H NMR (400 MHz, CDCl3) δ 7.93 (ddd, J = 17.5, 7.8, 1.4 Hz, 2H), 7.56 – 7.44 (m, 4H), 7.35 (d, 




13C NMR (126 MHz, CDCl3) δ 207.05, 144.76, 135.67, 132.84, 132.51, 130.74, 129.16, 128.84, 
128.46, 128.16, 127.44, 126.57, 126.42, 125.62 (q, J = 3.7 Hz), 124.99, 124.86, 49.46, 39.12, 
29.27. 






Yellow solid isolated from flash chromatography using: 95:5 hexanes:EtOAc as eluent.  
1H NMR (400 MHz, CDCl3) δ 7.92 (ddd, J = 8.7, 7.6, 1.5 Hz, 2H), 7.56 – 7.49 (m, 2H), 7.49 – 
7.46 (m, 2H), 7.43 (d, J = 1.6 Hz, 1H), 7.37 (dd, J = 7.4, 5.2 Hz, 2H), 7.29 – 7.23 (m, 1H), 4.46 
(s, 2H), 4.13 (s, 2H), 2.16 (s, 3H). 
13C NMR (126 MHz, CDCl3) δ 206.92, 142.16, 135.01, 133.32, 132.87, 132.32, 132.27, 130.98, 
130.17, 129.44, 128.11, 127.51, 126.61, 126.49, 124.93, 124.78, 119.08, 112.68, 49.37, 38.79, 
29.29.  










1H NMR (500 MHz, CDCl3) δ 8.15 – 8.09 (m, 2H), 7.94 – 7.86 (m, 2H), 7.53 (ddd, J = 8.3, 6.8, 
1.4 Hz, 1H), 7.47 (ddd, J = 8.2, 6.8, 1.4 Hz, 1H), 7.38 – 7.31 (m, 3H), 7.28 (d, J = 7.1 Hz, 1H), 
4.53 (s, 2H), 4.14 (s, 2H), 2.17 (s, 3H).  
13C NMR (126 MHz, CDCl3) δ 206.88, 148.51, 146.70, 134.88, 132.89, 132.36, 131.08, 129.58, 
128.14, 127.60, 126.66, 126.54, 124.96, 124.82, 123.95, 49.35, 39.21, 29.33.  






Yellow oil isolated from flash chromatography using: 94:6 hexanes:EtOAc as eluent.  
1H NMR (400 MHz, CDCl3) δ 7.89 (dd, J = 7.7, 1.7 Hz, 1H), 7.45 (dd, J = 7.7, 1.7 Hz, 1H), 7.42 
– 7.37 (m, 4H), 7.37 – 7.33 (m, 1H), 7.33 – 7.29 (m, 1H), 7.28 (dd, J = 3.2, 1.8 Hz, 1H), 7.21 (d, 
J = 1.5 Hz, 1H), 6.92 (dd, J = 10.2, 0.9 Hz, 1H), 5.96 (dd, J = 10.3, 1.7 Hz, 1H), 3.02 (d, J = 14.3 
Hz, 1H), 2.72 (d, J = 14.4 Hz, 1H), 1.81 (s, 3H), 1.52 (s, 3H). 
13C NMR (126 MHz, CDCl3) δ 207.48, 141.46, 137.60, 136.90, 132.85, 130.61, 129.66, 128.43, 
128.04, 127.07, 126.86, 126.53, 123.94, 123.22, 123.11, 57.55, 39.67, 31.34, 30.79.  









Yellow solid isolated from flash chromatography using: 94:6 hexanes:EtOAc as eluent.  
1H NMR (500 MHz, CDCl3) δ 7.52 – 7.45 (m, 2H), 7.40 (dt, J = 12.7, 7.3 Hz, 6H), 7.25 (dd, J = 
7.3, 1.8 Hz, 5H), 7.20 (d, J = 8.0 Hz, 4H), 7.19 – 7.16 (m, 4H), 7.16 – 7.13 (m, 3H), 7.14 – 7.08 
(m, 3H), 6.59 (d, J = 2.0 Hz, 2H), 6.36 (d, J = 2.0 Hz, 1H), 5.08 (d, J = 2.1 Hz, 1H), 5.03 (d, J = 
2.2 Hz, 2H). 
13C NMR (126 MHz, CDCl3) δ 158.78, 158.00, 154.77, 140.20, 139.53, 128.82, 128.65, 128.59, 
128.55, 128.40, 128.29, 127.13, 126.97, 123.61, 123.54, 122.62, 122.55, 120.81, 120.71, 111.15, 
111.06, 104.24, 103.48, 50.22, 50.12. 






Yellow oil isolated from flash chromatography using: 94:6 hexanes:EtOAc as eluent.  
1H NMR (400 MHz, CDCl3) δ 8.02 – 7.95 (m, 2H), 7.92 – 7.83 (m, 3H), 7.78 (dd, J = 7.6, 1.6 Hz, 
1H), 7.62 – 7.53 (m, 2H), 7.53 – 7.46 (m, 3H), 7.46 – 7.42 (m, 3H), 7.42 – 7.34 (m, 9H), 7.34 – 
7.28 (m, 5H), 7.26 (s, 4H), 7.21 (d, J = 2.3 Hz, 2H), 7.10 (s, 1H), 7.05 (d, J = 10.3 Hz, 1H), 6.84 
(d, J = 9.9 Hz, 1H), 6.25 (ddd, J = 10.0, 5.6, 1.6 Hz, 1H), 6.02 (ddd, J = 10.3, 5.2, 1.7 Hz, 1H), 
4.14 (d, J = 4.9 Hz, 1H), 3.95 (q, J = 5.4, 4.5 Hz, 2H), 3.70 – 3.55 (m, 1H), 1.16 (d, J = 6.9 Hz, 




 13C NMR (101 MHz, CDCl3) δ 203.65, 202.87, 137.59, 137.52, 137.42, 137.17, 136.89, 136.51, 
135.62, 135.11, 133.12, 133.09, 131.93, 131.82, 131.37, 129.73, 129.66, 129.57, 128.95, 128.88, 
128.74, 128.66, 128.63, 128.60, 128.49, 128.43, 128.28, 127.66, 127.60, 127.12, 126.91, 126.85, 
126.84, 126.79, 124.14, 123.79, 123.38, 123.04,  49.37, 48.57, 45.01, 43.12, 15.92, 11.69.  






Colorless oil isolated from flash chromatography using: 94:6 hexanes:EtOAc as eluent.  
1H NMR (400 MHz, CDCl3) δ 8.02 – 7.94 (m, 2H), 7.86 (dd, J = 7.2, 2.0 Hz, 1H), 7.61 – 7.53 (m, 
1H), 7.53 – 7.47 (m, 2H), 7.47 – 7.44 (m, 1H), 7.44 – 7.41 (m, 2H), 7.40 – 7.32 (m, 3H), 7.32 – 
7.27 (m, 2H), 7.20 (s, 1H), 7.05 – 6.98 (m, 1H), 6.03 (ddd, J = 10.2, 5.2, 1.6 Hz, 1H), 4.00 (t, J = 
5.1 Hz, 1H), 3.79 (ddd, J = 10.4, 4.9, 3.3 Hz, 1H), 1.95 (ddd, J = 13.8, 10.4, 7.1 Hz, 1H), 1.36 (dd, 
J = 6.2, 3.2 Hz, 1H), 0.73 (t, J = 7.4 Hz, 3H).  
13C NMR (101 MHz, CDCl3) δ 202.52, 137.97, 137.58, 137.36, 135.14, 133.11, 131.42, 129.75, 
129.15, 128.91, 128.44, 128.40, 128.38, 127.60, 127.14, 127.08, 126.84, 123.79, 123.07, 56.49, 
43.13, 20.26, 12.61.   









Yellow oil isolated from flash chromatography using: 94:6 hexanes:EtOAc as eluent.  
1H NMR (400 MHz, CDCl3) δ 8.00 – 7.92 (m, 2H), 7.86 (d, J = 1.8 Hz, 1H), 7.55 (d, J = 7.4 Hz, 
1H), 7.50 – 7.44 (m, 3H), 7.44 – 7.36 (m, 4H), 7.34 (dd, J = 7.3, 1.9 Hz, 1H), 7.31 – 7.27 (m, 2H), 
7.20 (s, 1H), 7.01 (d, J = 10.2 Hz, 1H), 6.05 (ddd, J = 10.3, 5.1, 1.6 Hz, 1H), 4.07 – 3.92 (m, 1H), 
3.91 – 3.73 (m, 1H), 2.01 – 1.82 (m, 1H), 1.38 – 1.23 (m, 2H), 1.11 (q, J = 4.2, 3.6 Hz, 5H), 0.74 
(t, J = 6.8 Hz, 3H).  
13C NMR (101 MHz, CDCl3) δ 202.72, 137.91, 137.64, 137.36, 135.14, 133.09, 131.48, 129.74, 
129.30, 128.90, 128.44, 128.40, 128.38, 127.57, 127.13, 127.08, 126.82, 123.78, 123.08, 54.66, 
43.21, 32.07, 27.73, 27.23, 22.54, 14.10.  






Yellow oil isolated from flash chromatography using: 94:6 hexanes:EtOAc as eluent.  
1H NMR (400 MHz, CDCl3) δ 7.89 – 7.82 (m, 1H), 7.44 (d, J = 7.1 Hz, 2H), 7.39 (t, J = 7.5 Hz, 




6.08 (ddd, J = 10.2, 5.4, 1.6 Hz, 1H), 4.00 (t, J = 5.4 Hz, 1H), 3.11 – 2.97 (m, 1H), 2.67 (p, J = 6.9 
Hz, 1H), 1.08 (d, J = 6.9 Hz, 3H), 0.98 (dd, J = 9.8, 6.9 Hz, 6H).  
13C NMR (101 MHz, CDCl3) δ 216.84, 137.60, 135.04, 131.51, 129.70, 129.66, 128.50, 128.43, 
127.47, 127.22, 127.12, 126.77, 123.69, 123.08, 52.89, 42.83, 40.01, 18.70, 18.17, 12.44.  







Colorless oil isolated from flash chromatography using: 94:6 hexanes:EtOAc as eluent.  
1H NMR (400 MHz, CDCl3) δ 7.82 – 7.70 (m, 2H), 7.66 (s, 1H), 7.50 – 7.44 (m, 1H), 7.36 (d, J 
= 4.3 Hz, 4H), 7.29 (dd, J = 6.1, 2.1 Hz, 4H), 7.22 (d, J = 5.1 Hz, 1H), 7.07 (s, 1H), 6.85 (d, J = 
9.9 Hz, 1H), 6.21 (dd, J = 10.0, 5.5 Hz, 1H), 3.92 (t, J = 6.2 Hz, 1H), 3.61 (p, J = 6.8 Hz, 1H), 1.19 
(d, J = 7.0 Hz, 3H).  
13C NMR (101 MHz, CDCl3) δ 202.37, 138.83, 137.42, 136.34, 135.43, 135.00, 132.91, 131.63, 
130.98, 129.90, 129.67, 129.44, 128.72, 128.45, 127.20, 126.97, 126.62, 124.37, 123.33, 49.00, 
45.17, 16.01. 








HPLC analysis: 75%ee (Chiralcel OD-H, 85:15 Hexanes/isopropanol, 0.55 mL/min, 254 nm, 




(R)-(4-chlorophenyl)(naphthalen-1-yl)methyl prop-1-en-2-yl carbonate (R-4.69) 
Colorless oil isolated from flash chromatography using: 98:2 hexanes:EtOAc as eluent.  
1H NMR (400 MHz, CDCl3) δ 7.93 (d, J = 9.1 Hz, 1H), 7.90 – 7.83 (m, 2H), 7.65 (d, J = 7.1 Hz, 
1H), 7.55 – 7.43 (m, 3H), 7.41 (s, 1H), 7.32 (q, J = 8.4 Hz, 4H), 4.81 (s, 1H), 4.70 (d, J = 2.1 Hz, 
1H), 1.95 (s, 3H). 
13C NMR (126 MHz, CDCl3) δ 153.14, 152.51, 137.63, 134.45, 134.16, 134.12, 130.45, 129.59, 
129.10, 129.01, 126.83, 126.10, 125.57, 125.40, 123.74, 102.20, 78.30, 19.38. 
HRMS calcd for C21H16ClO3 [M-H] 351.0788, found 351.0777. 
HPLC analysis: 74%ee (Chiralpak AD-H, 98:2 Hexanes/isopropanol, 0.5 mL/min, 254 nm, major 




(E)-1-(1-(4-chlorobenzylidene)-1,2-dihydronaphthalen-2-yl)propan-2-one (R or S 4.26) 
Yellow oil isolated from flash chromatography using: 94:6 hexanes:EtOAc as eluent.  
1H NMR (400 MHz, Chloroform-d) δ 7.80 – 7.74 (m, 1H), 7.27 (s, 3H), 7.26 – 7.21 (m, 2H), 7.20 




4.08 (dt, J = 9.8, 5.1 Hz, 1H), 2.80 (dd, J = 17.1, 4.9 Hz, 1H), 2.66 (dd, J = 17.1, 8.9 Hz, 1H), 2.06 
(s, 3H). 
13C NMR (126 MHz, CDCl3) δ 207.12, 138.34, 136.03, 133.53, 132.75, 132.60, 131.51, 130.83, 
128.60, 128.34, 127.94, 126.88, 124.61, 123.11, 122.14, 53.02, 36.64, 30.77. 
HRMS calcd for C20H17ClONa [M+Na] 331.0866, found 331.0873. 
HPLC analysis: 65%ee (Chiralpak AD-H, 98:2 Hexanes/isopropanol, 0.5 mL/min, 254 nm, major 
Rt = 32.9 min, minor Rt = 28.4 min). 
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